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by
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Results from the first measurement of mid-rapidity A (A) production in Au+Au
collisions at RHIC (,/5,, = 130 GeV) are described. Using the STAR detector,
A (A) baryons were measured from the A — 7~p and A — 77p decay channels.
The transverse mass spectra of the A and A are found to be well discribed by a
Boltzman function. The rapidity density and the slope parameter are obtained
for several centrality bins. For the 5% most central collisions, the yield dN/dy is
17.040.4(stat) £1.8(sys) and 12.040.3(stat) +1.3(sys) for A and A respectively.
The feed-down effects from multi-strangeness particle decay were estimated for
the most central bin and it is about 27% of the inclusive measurement. The slope
parameter varies from 312 MeV for the most central collisions to 254 MeV for
the peripheral collisions. This trend is indicative of larger expansion velocities
for the As and As in the central collision than in the peripheral collisions. The
A to A ratio is 0.74 4 0.04, consistant with a low net baryon density at mid-
rapidity, and with no significant variation over the range of 5 selected centrality

bins. The pr distributions of A and A are considerably flatter than that of the

Xix



negative hadrons, indicating an increasingly important contribution from baryon
production at high py. The rapidity densities of A and A are approximately

proportional to the number of negative hadrons.
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CHAPTER 1

Introduction

Relativistic heavy ion collisions provide a unique opportunity to study the
properties of highly excited hadronic matter under extreme conditions of high
density and high temperature [Red01]. It is generally believed that Quantum
Chromodynamics (QCD) is the fundamental theory to describe and determine
the Equation of State of such highly excited nuclear matter. In the QCD Theory,
the strong force coupling constant depends on the distance scale of the inter-
action. When the distance is small, perturbative QCD is applicable and when
it is large, one has to use lattice QCD. Lattice QCD indicates that when the
distance scale becomes comparable to the size of hadron, quarks interact with
an effective interaction which goes approximately linearly with the spatial dis-
tance [Won94]. This feature makes it more energetically favorable to produce
another quark-antiquark pair than to break them up when trying to seperate a
quark/anti-quark pair, or diquark. It therefore becomes an impossible task to
isolate a quark from its partner, resulting in the confinement of quarks. On the
other hand, if there is a finite system packed with enough quarks and gluons,
the coupling between quarks will be small due to small coupling distances. This
system will be different from the hadron system in the sense that quarks and
gluons are not associated with individual hadrons and are considered quasi-free.
This is commonly refered to as the Quark-Gluon Plasma. The phase transition

from hadron matter to QGP can happen when the temperature is extremely high



or when the baryon density is large. This state of matter is believed to have
existed in the early universe, about one microsecond after the Big Bang. Lattice
QCD calculations also indicate that the order of the phase transition appears to

depend on the quark masses [Got87].

Motivated by QCD predictions and calculations of this new form of matter,
scientists around the world have studied heavy ion collisions in which the con-
ditions to form the QGP can be met in the laboratory. Figure 1.1 shows the
QCD phase diagram and possible accessible phases in nature and heavy ion colli-
sions. Results from the Alternating Gradient Synchrotron (AGS) at Brookhaven
and the CERN SPS have yielded some evidence which cannot be explained with
existing models, for example a p mass shift, J/i¢ suppression and strangeness
enhancement. But whether they constitute the signatures for the formation of

QGP is still not universally agreed upon.

Currently, scientists are studying heavy ion collisions using the Relativistic
Heavy Ion Collider (RHIC) at Brookhaven National Laboratory. With center
of mass collision energies 10 times greater than previous heavy ion studies and
wider variability in the species of colliding particles, this machine offers greater
opportunities in measuring the macroscopic properties of strongly interacting
matter and the predicted phase transition back to normal matter. In turn, the
experimental results will help better determine the dynamics of QCD interactions

and the conditions prevalent in the early universe.
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Figure 1.1: QCD phase diagram. The major features of QCD phases possibly acces-

sible in nature and heavy ion collisions are shown. Figure taken from [YamO1].



CHAPTER 2
Physics

2.1 The Hadron Bag Model and the Critical Temperature

A phenomenological description of quark confinement is provided by the Bag
Model[CJJ74][DD83]. In this model, quarks are treated as massless particles
inside a bag of finite dimension and as infinitely massive outside the bag. Con-
finement in the model is the result of the balance of the bag pressure B, which
is directed inward, and the tension arising from the kinetic energy of the quarks.

If the quarks are confined in the bag, the gluons are as well.

We can get an estimate of the magnitude of the bag pressure by considering
massless free fermions in a spherical cavity of radius R. The fermions in the

cavity are described by the Dirac equation
v pp=0. (2.1)

With the boundary condition 1) = 0 at the bag surface r = R [Clo79], the

energy of the quarks is
o 2.04
=7

If we use the bag pressure B to represent confinement effects, the total energy

p (2.2)

for system of N quarks in a bag is

2.04N Axm
F="—+ —RB. 2.3



The equilibrium radius of the system is located at radius R determined by

dE/dR = 0, which leads to

2.04N\ % 1
BY4 = (—————) —. 2.4
A7 R ( )

The bag pressure constant B'/* is 206 MeV for N=3 and R=0.8 fm.

For a QGP system in thermal equilibrium at high temperature 7" within vol-
ume, V', the pressure arising from the quarks, antiquarks and gluons can be
calculated using classic quantum statistics techniques. The pressure is given by

2

T
P = ota _T4; 2.5
Jrotal 5 5 (2.5)
where
7
Gtotal = Yg + g(gq + gd) =37 (26)

and g,, g4, g4 are degeneration numbers of (anti) quarks and gluons. The critical
temerature is defined as the temperature when the QGP pressure is equal to the
bag pressure. This is given by

90
T, = (——)/*B/*. 2.7
(3772) (2.7)

Thus, we have T, = 144 MeV for B/* = 206 MeV. When the temperature
is higher than 7, the bag will not be able to contain the quark matter and it
will be deconfined to form the QGP. At the critical temperature of 144 MeV, the
energy density of the QGP is about 0.68 GeV/fm3.

2.2 Nucleus-Nucleus Collisions

The head-on collision of two nuclei can be represented as two thin disks ap-

proaching each other at high speed because of the Lorentz contraction effect in



the moving direction. The dynamics of the collision can be viewed from a dif-
ferent perspective in the space-time diagram with the longitudinal coordinate z
and the time coordinate ¢, as shown in Fig. 2.1. The trajectories of the colliding

projectile nucleus and target nucleus are shown as thick lines.

{

A

freeze—oul of hadrons

hadronization

hydrodynamics
of quark -gluon ptasmu

e
W

Figure 2.1: The Space-time picture of a nucleus-nucleus collision.

Each nucleus-nucleus collision consists of large number of nucleon-nucleon
collisions and each inelastic nucleon-nucleon collision is accompanied by a large
loss of energy of the colliding baryons. At very high energy (of the order of
100 GeV/nucleon and above in the center-of-mass system), the slowed-down
baryons can still have enough momentum to proceed forward and move away from

the collision region. So the collision region is a system with high energy density



and small net baryon density which is similar to conditions in the early universe.

The physics in nucleus-nucleus collisions has lots of astrophysical interest[Bjo83].

High energy density means high system temperature. When the energy den-
sity is high enough, the system can be in the region of the QGP. Since all the
deposited energy during a collision eventually manifests itself by producing par-
ticles which can be detected directly or indirectly , one can estimate the initial
energy density [Bjo83| by

ms dN

= ——|,=0- 2.
€ T()A dy ‘y—O ( 8)

This shows the energy density over the transverse area A at proper time 7j is
proportional to the number of particles produced in the mid-rapidity region.
my is the transverse mass of particles. This result was first derived by Bjorken
[Bjo83]. The parameter 7y is the proper time at which the QGP is produced
and it was estimated to be 1 fm/c [Bjo83]. For Au on Au collisions at RHIC at
Vsvn = 130 GeV, dNdy for negatively charged particles is about 280 and the
(Pr) is 0.508 GeV/c [Adl01a]. If we assume all of them are pions, the estimated
energy density is about 2.9 GeV/fm3. This is greater than the energy density

estimated for the QGP at the critical temperature.

From the space-time diagram, one can see the QGP takes a time to form and
reach thermal equilibrium equal to the proper time, 75. After that, when the
system continues to expand rapidly, the energy density drops and the transition
from the QGP to hadron matter occurs at later times. The hadrons will stream
out of the collision region when the temperature drops below the freeze-out tem-

perature. What are directly observable are the particles after the freeze-out.



2.3 A (A) and Strangeness Production

The A is a singlely strange hyperon with quark content (uds). A (@d3) is its

anti-particle. Its major properties are listed in Table 2.1.

A Baryon

Mass 1115.684 MeV /c?
7 (mean life) 2.632¢-10 s

Major Branching Ratios

prT 63.9%
nm? 35.8%

Table 2.1: Properties of the A Baryon.

The production of strange (s) and anti-strange (5) quarks was proposed
by Rafelski [Raf82] as a probe to study the QGP phase transition. In a de-
confined QGP, the ss pair can be copiously produced through gluon fusion
(99 — s5)[Raf82, RR86]. The energy threshold for this strange quark produc-
tion mechanism is roughly 2 times the mass of the s quarks which is about
150 MeV. This is much smaller than the threshold for strangeness production in
the hadronic scenario. Therefore, it is considerably easier for a system to produce
strange particles if it is in the QGP state than in the hadronic matter state. In
pp or pA collisions, the created system is considered too small to hold a QGP.
Therefore, these systems are usually used as the scaling reference to show the
strangeness enhancement. At CERN SPS, the K/ ratio and the ¢/7 ratio have
been seen as enhanced from pp or pA to S+S and Pb+Pb collisions [R01] (see Fig.
2.2). For strange hyperons, the enhancement increases with strangeness content
[RO1] as shown in Figure 2.3 where the enhancement, E, going from p+Pb to
Pb+Pb collisions, is defined as the double ratio of the strange particle yield to



the number of participants, normalized to the ratio in p+Pb collisions. Although
one can say that the QGP can lead to strangeness enhancement, the observation
of the strangeness enhancement doesn’t definitely imply the formation of QGP.
There are conventional explanations for the enhancement at the CERN-SPS. The
recent idea of antihyperon production by multi-mesonic reactions [Gre00] is just
an example. In short, whether the enhancement signals the formation of a QGP

is still an issue and more systematic studies are still needed at RHIC.
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Figure 2.2: Left: Ratio of the multiplicity of kaons and pions for various tar-
get-projectile systems as function of the number of participants—global strangeness
enhancement. Right: ¢/7m ratio measured for Pb+Pb (NA49) compared with p+p
data (NA49). This figure taken from [RO1].
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Figure 2.3: Strange particle enhancement versus strangeness content (WA97). This

figure taken from [RO1].

In addition to the issues related to the QGP, understanding the dynamic
evolution of the system is also important. Figure 2.4 shows the mid-rapidity
My spectra of A, ==, Q= and antihyperons in Pb+Pb collisions at CERN-SPS
energy[Fin00]. We note the shape identity of the A and A spectra at a level of
better than 1% (Figure 2.4. It has been argued that [RafOla] the similarity in
the hyperon and antihyperon spectra support a sudden hadronization picture:
driven by internal pressure, a QGP fireball expands and ultimately a sudden
breakup into final-state particles occurs, which reach detectors without much

further rescattering. Deep supercooling requires a first order phase transition and
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this in turn implies the presence of a latent heat[Raf0la]. It was also argued that
because the A contains potentially two original valence quarks, the A-spectra are
stretched in y, whereas A spectra are not, as they are from newly-formed particles.
However, both have the same thermal-explosive collective-flow controlled shape

of m -spectra.
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Figure 2.4: Mid-rapidity m-Spectra of A, 2~ and 2~ and antihyperons obtained in
158 GeV/nucleon Pb-Pb interactions by the CERN WA97 experiment[Raf01a).

In a scenario where thermal motion is coupled with a transverse collective
expansion, one can expect the measured slope parameter in m; spectra to consist

of two terms as

(T) =Ty + mp?, (2.9)
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where 7} is the thermal temperature and /3 is the common flow velocity. Figure 2.5
shows the dependence of the m spectra inverse slope, T, on the particle mass m
for Pb+Pb collisions at SPS energy. It seems the multiple strangeness hyperons
don’t flow as much as the A. It would be very interesting to see if this flow
picture is similar at the RHIC energy which is at almost 10 times higher collision

center-of-mass energy.
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Figure 2.5: Dependencies of the mr spectra inverse slopes T on the particle mass m

for Pb+Pb collisions at the SPS energy.

Measurement of anti-particle and particle rations in heavy ion collisions can
also give information on net baryon density. Figure 2.6 shows the anti-baryon to

baryon ratio vs. ,/s,,. The non-zero net baryon density is caused by stopping
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Figure 2.6: Anti-baryon to baryon ratio vs. /s, . Heavy ion data for A/A and p/p
are shown as well as the p/p ratio from p + p collisions. There is considerable stopping
in heavy ion collisions at the AGS and SPS (,/5,, = 4.9 and 17.2 GeV, respectively).
Year 2000 RHIC data at /s, = 130 GeV indicates that B — B pair production

accounts for over half of the baryon number in the central rapidity region.

effects. It is directly related to how much energy is initially transfered from the
projectiles to the system. It is obvious that from AGS to SPS to RHIC, we
are approaching the baryon-free region at mid-rapidity. Low net baryon density
doesn’t neccesarily mean small energy transfer. It only means the energy transfer
is small as compared to the initial energy. While the mid-rapidity region is
almost baryon-free for the RHIC energy, there is still substantial net baryon
density for the SPS energy. This means the initial condition is quite different
for the collisions at SPS and RHIC. Therefore, it would not be a surprise to see

different results from RHIC. In addition, the two different initial conditions will
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add more constraints to some theoretical models. When finite baryon density is
present, breaking the particle/antiparticle symmetry, the exact balance between
s and 5 requires non-trival relations between the parameters characterizing the
final state hadron abundances. These strangeness conservation constraints imply
different particle distributions for different structures of the source [JT96]. In
addition, results of strangeness production from WA97 and NA49 experiments
at the CERN SPS indicated the strangeness has little dependence on centrality.
Lighter ion data obtained previously also confirm the impression that strangeness
production is basically constant throughout the SPS domain [Shu99]. From the
baryon ratios, one can tell that the initial conditions are rather different from the
SPS to RHIC. Therefore, it would be very interesting to compare the observations

on strangeness production at the SPS to those at RHIC.

In strangeness production, the phase space occupancy, 7s, is a very important
parameter in the statistical model. v,=1 means the strangeness reaches chemical
equilibrium. This can be derived from the numbers of A, A, protons and anti-

protons [JT96]: )
, AA
Vs = ——-

pp

There have been measurements of this ratio at both AGS and SPS. It was found

(2.10)

the ratio is very high, considering the mass of the A is larger than the p. Results
from Experiment NA35 (Fig. 2.7 ) show the ratio in pp and pA reactions is small
(< 1) and increase by almost a factor of 5 in S+S, S+Ag, S+Au reactions. A
preliminary result for the ratio A/p from NA49 is 34-1 [Raf01b]. The AGS/E864
Collaboration has deduced a (A + X0 + 1.1¥+)/p ratio in Au+Au collisions at
mid-rapidity and zero pr. A strong increase of the A/p ratio from peripheral
to central collisions is deduced from experimental data at the AGS [Wan01](

Figure 2.8). The large ratio in the mid-rapidity and low pr region is mainly due
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Figure 2.7: Ratio of A/p at mid-rapidity as function of dN/dy|,- from the CERN
Experiment NA35.

to the strong absorption of the p and A [Wan01].

At RHIC, since the net baryon density at mid-rapidity is much smaller than
that at the AGS or SPS, absorption effects should be much reduced. Therefore,

the measurement of the ratio of A to p should be closer to the initial ratio.
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Figure 2.8: UrQMD calculation of the freeze-out ((A + %0 + 1.1%+)/p ratio at
mid-rapidity |0y| < 0.4 and low Pr (pr < 300 MeV/c)as function of impact parameter
(open squares), compared with experimental results in a similar kinematic region (filled

circles). Figure taken from [Wan01].
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CHAPTER 3

Facilities

3.1 RHIC Accelerator Complex

The Relativistic Heavy Ion Collider is located at Brookhaven National Labo-
ratory on Long Island, NY. The facility consists of two rings of superconducting
magnets, each with a circumference of 2.4 miles. The whole RHIC complex (Fig-
ure 3.1) includes also the Tandem Van de Graaff accelerators, the Booster Syn-
chrotron and the Alternating Gradient Synchrotron (AGS). Gold(Au) atoms are
generated in the Pulsed Sputter Ion Source in the tandem. They are accelerated
and passed through two Au foils to strip off some of the electrons from the atoms.
That leaves a beam of Au atoms an energy of 1 MeV /nucleon and a distribution
of charge states peaking at +32e. The 1 MeV /nucleon Au is then transferred to
the booster where it is accelerated to 95 MeV /nucleon and further stripped to a
net charge of +77e before it is injected to the AGS. In the AGS, the energy of
the Au beam is increased to 10.8 GeV /nucleon and the beam is bunched. In the
final stage of the injection into the RHIC rings, all the orbital electrons of the
Au atoms are stripped off and the atoms have a charge of +79. Once injected
into RHIC, the bunches are accelerated to collision energy and kept in the rings
by the magnetic fields produced by the superconducting magnets. For proton

beams, the Linear Accelerator is used as the source instead of the tandem.

RHIC is the first machine in the world capable of colliding heavy ions. It can
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# OF BUNCHES: 60
100 GeV/u 100 GeV/u # OF IONS/BUNCH: 1x10°
RFACC :28.15 MHz, 0.6 MV
RFSTORAGE 197 MHZ, 6 MV
TFiLLING = ~1min
TACC 1 ~75 sec
T, ~10 hrs

10.8 GeV/u, O =+79
# OF BUNCHES: (4x 1) x 15

95 MeV/u, Q=+77
PROTON
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GOLD BEAM
(/4,& 1 MeV/u, Q=+32, 1 particle pA
PULSED SPUTTER ION SOURCE /TANDEM 5
100 pA, 700 psec, Q = -1 STRIPPERS

Figure 3.1: Diagram of the AGS - RHIC facility. .

Physical Parameters

No. Intersection Regions 6

No. Bunches/ring 60

Bunch Spacing (nsec) 213
Collision Angle 0

Free Space at Crossing Point (m) +9
Performance Specifications Au P
No. Particles/Bunch 1 x 10° 1 x 101
Top Energy (GeV/u) 100 250

Luminosity, average (cm™2sec™) ~2x 10 ~ 1 x 103!

Table 3.1: Physical parameters and performance specifications for the Relativistic

Heavy Ion Collider (RHIC).
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be used to accelerate and collide species ranging from p+p @,/syy=40-500 GeV
to Au+Au @Q /syny = 40-200 GeV. This great flexibility allows physicists to
study a variety of colliding systems at different energy levels. Table 3.1 lists the

performance specifications for RHIC.

The RHIC ring has 6 intersection points where its two rings of magnets cross,
allowing the particle beams to collide. Four of the interaction regions are currently
occupied by 4 experiments, BRAHMS, PHOBOS, PHENIX and STAR. The first
commission run occured in the summer of year 2000. At 9 PM on 12 June 2000,
the first beam-beam collision event at RHIC at a collision energy of /s, =
60 GeV was recorded by STAR (Figure 3.2). In Figure 3.2, the lines coming out
from the center are the tracks left in the detector by the high velocity charged
particles produced in collisions. A few weeks later, STAR recorded collisions at
VSyn = 130 GeV, which is the nominal beam energy for the summer run in 2000
(Figure 3.3).

3.2 The STAR Detector

The physics program of the STAR experiment is to study not only soft physics
processes, i.e. hadron production at transverse momenta below 1-2 GeV/c but
also hard QCD processes, i.e. jet, mini-jet and hard photon production [Col92].
It aims to analyze momentum and identify charged particles (7, 7, K*, K, p,
P, d, d) directly, as well as various neutral and charged particles ( K°, ¢, A, A, 2,
2~ ) via charged particle decay modes [Col92|. Its ability to study observables

on an event-by-event basis makes it a unique detector at RHIC.

STAR (Figure 3.4) is a cylindrical detector system with 27 azimuthal coverage

over the central rapidity region. The full configuration of the STAR detector in-
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Figure 3.2: First collision at /s, = 60 GeV. Side view of TPC fiducial volume.

Tracks are reconstructed from online level-3 trigger.
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Figure 3.3: First collision at /s, = 130 GeV. End view of TPC fiducial volume.

Tracks are reconstructed from online level-3 trigger.
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Figure 3.4: The STAR experiment.

cludes these sub-systems: Time Projection Chamber (TPC) [Ack99], Silicon Ver-
tex Tracker (SVT), E-M Calorimeter (EMC), Forward Time Projection Chamber
(FTPC), Central Trigger Barrel (CTB), Zero Degree Calorimeters (ZDC), Time
of Flight (TOF) and magnet. For the year 2000 data-taking, the setup consisted
of only the TPC, CTB, ZDC and one ladder of SVT. A ring-imaging Cerenkov
detector (RICH) with an area of approximately one square meter is positioned
directly outside the TPC for high-p, particle id during the first two years of
running.

The STAR magnet can provide uniform fields along the beam direction with
a strength of 0.25 Tesla to 0.5 Tesla. For the Year 2000 physics run, the field
was set at 0.25 Tesla. Figure 3.5 shows the mapped field [Tre00] in the radial
direction at full field. The deviation from a uniform field is within the design

value of 0.5% over the volume of the TPC. The mapped field was used in the
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offline reconstruction to correct the position of hits on tracks. Figure 3.6 shows
the ExB distortion in both radial and axial directions in the TPC due to the

non-uniform B field.
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Figure 3.5: Radial component of the magnetic field as a function of radius at
7Z=210 cm. This plot demonstrates the uniformity of the magnetic at full field since the
maximal deviation of the field within any volume will occur on the surface of that vol-
ume. The deviation is largest at the outer-most portion of the TPC starting from the
center and changes sign from inner sector to outer sector (r > 120 cm). The mapped

field was used in the offline correction.

The TPC is the main tracking detector of the STAR. It covers the pseudo-
rapidity region -2 < 1 < 2. Figure 3.7 is a perspective view of the STAR TPC.
The TPC is divided into two longitudinal drift regions , each 2.1 m long, by
a high voltage membrane. The inner field cage (r=0.5 m), the outer field cage
(r=2.0 m) and the anode and pad sectors, which are 2.1 m away from the central

membrane, define two coaxial cylindrical drift volumes of 24.75 m3.

The chamber is filled with a gas mixture of 90% Argon and 10% Methane.

The choice of the P10 gas for the TPC was made as a compromise among the

23



diszortion of r in
cm

- e
. - S U T 0D
-0.05] \i‘&“\ e <l ST T
L ‘%‘%‘“‘ﬁ‘%&" i
N SR
= S

0]
Tog 1000
-200 Eoftie TRCinem

Figure 3.6: 3D view of ExB distortions. The calculated distortion on hit position
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Figure 3.7: The STAR Time Projection Chamber.
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following 10 features [Col92]:

—_

. The gas mixture has to work at atmospheric pressure ;

2. The electron drift velocity must be 2.0 cm/us at E < 300 V/cm ; The field

limit is determined by the tolerances of the insulators on the field cages;

3. At nominal field, the drift velocity should be saturated to reduce the effects
from inhomogeneities in the E field, and variations from gas pressure (gas

pressure changes with atmospheric pressure);
4. Small transverse and longitudinal diffusion;
5. Large wt, to reduce transverse diffusion;
6. High ionization efficiencys;
7. Low electron absorption over drift length;

8. High drift velocity for positive ions in order to minimize the space charge

accumulation;
9. Low rate of aging and high resistance to high voltage breakdown;

10. Gas should be cheap, safe and affordable in large quantities.

When a high velocity charged particle travels through the gas-filled TPC
volume, the gas molecules will be ionized and produce positive ions and electron
clouds along the path. The energy loss due to ionization is typically a few KeV
per cm of gas. This gives a total energy loss of a few MeV over a path length
of 2 m. For most particles produced in heavy ion collisions, the kinetic energy is
above 100 MeV. Under the influence of the electric field provided by the central
membrane (CM), inner field cage (IFC), outer field cage (OFC) and the grounded
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anode plane, the electrons drift to the anode plane. The arrival time and locations
of the electron clusters are recorded. Before the signals produced at anode plane
can be read out by the electronics system, they are collected by the pads shown
in the figure 3.8. The signals on pads are image charges induced by the electron

avalanches in the region close to the anode wires where the E field is very strong.

B E o

H ‘ "™, lonizing track
Datance to iR
pads, mm Note: All wires
Quter/inner Au plated

o Gating, Cu/Re,
14/10 \\J\\\\:m 75 um 0O
84 — Ground, Cu/Be,

\\\\3 1mm, 75 um OD
42 —
Anode, AufW,
4 mm, 20 um 0D

pads 6.2 x 19.5 Outer
2.85 k 11.5 Inner

Figure 3.8: The Wires and Pads Layout. There are three layers of wires: gating grid,
ground and anode wires. Each layer is equally spaced. The pad plane lies beneath the

anode wires.

There are 144,000 pads grouped into 24 sectors, 12 on either end of the TPC
and each with two subsectors (Figure 3.9), an inner subsector and outer subsector.

The inner sector is made of 13 pad rows and the outer sector has 32 rows. A
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straight track passing through both sectors gives 45 dFE/dx samples. This leads
to a good ability in particle identification by means of energy loss measurements.
The configurations of inner sector pads and outer sector pads are different. The
sizes of pads were designed according to the required position resolution along
pad row direction. With dimensions of 2.85 mm x 11.5 mm, the inner pads are
smaller than the outer pads with dimensions of 6.2 mm x 19.5 mm. This gives
them better two-track resolution, which is needed in the region where the track

density is high.
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Figure 3.9: A TPC super-sector. A super-sector consists of an inner sector and an

outer sector.

The analog signals collected on the pad plane are amplified, shaped and then
digitized into discrete signals in time. The amplitude of the digital signals is
used later to form clusters and hits offline, while the timing information carried
by them can be used to determine the hit position in the drift direction if the

drift velocity is known. The formulas to reconstruct the 3 dimensional position
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of the centroid of an ionization cluster will be discussed in Chapter 4.

Since the drift paths of electrons follow the electric field lines, the distortion
of the E field has to be very small. The OFC and IFC serve this purpose. The
OFC and IFC include a series of gradient rings set to a certain voltage by a
chain of resistors that connect to the CM. In this way, the voltage changes at the
boundary match the decrease in the body part of TPC and this results in a near
perfect axial E field. The schematic Figure 3.10 shows the resistors for the outer

field cage.
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Figure 3.10: The Resistors for the Outer Field Cage.

The discrete signals from each sector are delivered to DAQ from 6 readout
cards, each transporting the data from 1152 pads in several contiguous padrows.
Each pad produces data from 512 timebins. The data from each readout card are
sent to a DAQ reciever card via an optical fiber whose bandwidth is 1.5 Gbit/s.
TPC readout starts after the L0 trigger latency(~1us). In the DAQ, these data
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are processed as appropriate, which may include pedestal subtraction, gain cor-
rection, and zero suppression. It also assembles the data from each detector
subsystem into a form suitable for recording and distribution via network to
analysis and monitoring tasks. Combined with the L3 trigger system, the DAQ
also provides the infrastucture to allow event selection based on physics crite-
ria. A typical tape archiving rate is about 1 TPC event/s, which translates to
16 Mbyte/s. Compared to the beam crossing rate, the STAR data-taking is rel-
atively slow due to the event size and the slow TPC. So the trigger system must
look at every RHIC crossing and decide whether or not to initiate recording that

event.

The lowest level trigger system is composed of a CTB and two ZDCs. The
CTB is an array of plastic scintillators configured as cylindrical barrel surrounding
the TPC. The ZDC(C’s are located 18 meters up and downstream along the beam
direction and measure beam-like neutrons from the fragmentation of colliding

nuclei.

For the year 2000 data taking, the experimental setup consisted of the TPC,
CTB, and ZDC. There was also one ladder of prototype silicon detector from the

SVT and a small acceptance ring-imaging Cerenkov detector in place.

STAR offers excellent capabilities to study hadronic observables using the
TPC, FTPC, and the silicon detectors, and good photon and electron coverage
using the TPC and the EM calorimeter. Because of STAR'’s large acceptance, it is
possible to measure the quantities listed in Table 3.2 on an Event-by-Event basis
with reasonable statistics. For the first year, STAR has detected all hadronic

observables listed in Table 3.2, as well as the 7°.

With such a large sample of
measurable particles, STAR has the unique opportunity to describe the global

features of the heavy ion collisions recorded during the summer of 2000.
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Hadronic Observables

a) Charged hadrons:  p, p, 7’s, K's, 2=, 27, Q~, QF, d, d
b) Neutral hadrons: A A, KO ¢, p, K, K*
c) Spectra: P, particle ratios, slope parameters

d) Collision Geometry: Flow, HBT, E-by-E Correlations, Event Multiplicity

Electromagnetic Observables

e) mo, n distributions

f) High p; particles and jets

Table 3.2: Quantities measurable on an Event-By-Event basis.

30



CHAPTER 4

Simulation and TPC Response Simulator

4.1 GEANT4 and GSTAR

GEANT14 is a software package developed by the CERN RD44 collaboration. It
is a toolkit for full and fast Monte Carlo simulation of detectors in high energy
physics. It is also designed to take into account the requirements of space and
cosmic ray applications and nuclear and heavy ion applications [Pro]. GEANT4

allows the complete description of geometry and materials of detector elements.

The kinematics of the primary physics events is used to generate particles
which are then tracked through the detector, simulating their physics interac-
tions in matter and the effect of fields and boundaries on their trajectories. The
GEANT4 physics processes include the electromagnetic physics and hadronic
physics. The electromagnetic physics encompasses lepton physics, gamma, x-ray,
optical photon physics, and muon physics. It includes various implementations
of ionization, Bremsstrahlung and multiple scattering effects. Photoelectric and
Compton effects, pair conversion, synchrotron and transition radiation, scintilla-
tion, refraction, reflection, absorption and Raleigh effect are implemented as well.
The hadronic physics includes inelastic and elastic scattering, decay, capture and
dedicated processes for stopping kaons and pions. Lepton-hadron interactions,
such as muon-nuclear interactions, photo-fission and general gamma-meson con-

version are also implemented.

31



The GSTAR is the framework to run the STAR detector simulation using
GEANT [Nev]. It is an enhanced version of the interactive GEANT. It consists
of a set of modules (ending in ’.g’) which provide either the geometry of different
subsystems of the STAR detector or procedures to perform operations such as
I/O, particle generation, and in-flight analysis. For example, the file tpcegeo.g
provides the information on both the position of the TPC components and types
of material they are made of. The GSTAR accepts text formated files as input
and writes out a file with a platform independent format, a .FZ file. All the

commands to run the STAR simulation can be put into a .kumac file.

The output information from GSTAR is stored in track tables, vertex tables
and hit tables. Tracks and vertices include both the primary ones and secondary
ones. For each vertex, information such as position, medium, detector, number
of daughter tracks if decayed, number of parent track which produced it, etc. will
be stored. In track tables, charge and kinematic variables (momentum, energy)
are available as well as the start and stop vertex of a track and information about
the hits associated with the track. GEANT traces particle trajectories in steps
(5um). For the TPC, to minimize the amount of recorded information, GSTAR
doesn’t write a new hit on each GEANT step, but tries to write a single hit per
padrow. There are typically 45 hits associated with a TPC track. The position
of a hit is determined by midpoint of a track segment over a padrow. The actual
stored position is calculated with parabolic approximation with an accuracy of
5 pm[Nev]. In the case when a particle crosses a padrow with large crossing angle,
and its path length exceeds 5 cm or a particle turns back within a padrow, the
hit position is calculated as the midpoint of the entering and exiting point on the
padrow. The local momentum and the total energy loss over the track segment

are stored with the hit as well.
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4.2 TPC Response Simulator

The TPC Response Simulator (TRS)[Las]| is the software package that simulates
the response of the STAR TPC to the ionization of charged tracks in the TPC
gas. Physical processes included in the simulation are the drift of the ionized
electrons in the gas, amplification on the sense wires, induction of signal on the
readout pads, and the response of the readout electronics which generate digitized
data. Most of the processes occur in the region close to the end of the chamber
where the MWPC (Multi-Wire Proportional Chamber) is located. The MWPC’s
consist of three planes of wires and a pad plane (Figure 4.1) connected to the
front end readout electronics. The three wire planes are the gating grid, the
ground grid, and the anode grid. The ground grid and gating grid help to define
the drift field as indicated by the lines on Figure 4.1 when the gating is on ( open
) and off ( closed ). The simulation deals with only the case when the gating
grid is on. The anode wires are biased to a high voltage to provide the necessary

electrical field to avalanche the electrons from the track ionization.

4.2.1 Charge Re-distribution

The input to the TRS are the hits from GEANT simulation. Each hit has the
size of the pads which is on the order of 2 cm. Therefore, a process to divide the
track segment further into smaller pieces is needed before the simulation. Each
segment is broken into subsegments with a size of 4 mm (Figure 4.2). Then, how
to deposit the total energy onto the subsegments becomes a problem. In GEANT,
the total energy is accumulated through all the small steps in the simulation, but
this is not a practical solution for the TRS because of the computation time.
In practice, a binary partition alogrithm [BL99] is used to determine how much

charge should be assigned to the subsegments with the conservation of total
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Figure 4.1: The drift field lines in a typical MWPC. The three wire planes, the
gating grid, the ground grid, and the anode grids are shown as well as the pad plane.
(a) Drifting electrons are collected on the gating grid until the gate is opened by a
triggering event. A shielding grid at the ground potential is used to terminate the
drift region. Electrons drift through an open gating grid (b) pass through to the
amplification region around the anode wires. The slow positive ions are blocked from
entering the drift region by closing the gating grid after the electrons have drifted
through. Figure was taken from the Particle Data Book[GGO00].
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charge involved. This algorithm starts with the parent segment Q and divides
it into two parts Q; and Q2 with equal length. The mean rate of the ionization

energy loss is given by the Bethe-Bloch equation [GG00],

)

- 6% - 1k (4.1)

dE Z 1 [1, 2m.c?3*y°T,
_T K 24 1 21 e mazx
dar _ Cap |2 2

For a proton, the ionization energy loss rate reaches the lowest point at an energy
of about 3 GeV. (dE/dx)m:p, energy loss rate by minimum ionizing protons, is
sometimes a convenient reference to the dF/dx of other particles at different
energies. For the charge segment concerned here, there are two quantities related
to the energy loss rate. One is the measured or simulated (dE/dz), the other is the
reading from its Bethe-Bloch curve (dF/dx)pethe Bioch- The value of Q1 will be
determined by a reflected Gaussian distribution if (dE/dz)/(dE/dx) pethe Bioch >
1 or a reflected Landau distribution otherwise. Using 7 = 0 to denote a gaussian
distribution and 7 = 1 for a Landau distribution, the mean (Q);) and the o; of the

distributions are
(Qi) = a;L(dE/dz)Fiti pioen(AE /)31 (dE /dz) ™, (4.2)

and

o; = L% 4 G; (4.3)

where
K: = <dE/d‘7’l>’§ethe—Bloch/<dE/d$>’7;lip + Ci (44)
<dE/dm>/(dE/dx)%ethe—Bloch

G; = (dB/d2) S esne—procn/ (AE/dT) %, + d; + bi{(dE/dz) /(AE /) pethe—Bioch,
(4.5)
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with L the length of charge segment in cm, ag = 0.367, a; = 0.267, oy = 0.05,
ar = 0.1, Ag = 0.2, \y = 1.0, ¢¢ = 0.0423, ¢, = 0.0852, 5y = 1.0, 5, = 0.267,
by = 0.0, by = —0.02, v = 0.0041, v = 0.0052, ¢g = —1.02, ¢; = —1.02,
9 = —0.022, 6; = —0.0058, dy = —1.88, d; = —1.92 .

After @); is determined, @2 is Q — ();. The process is iterated using these
quantities as the parent segments, and so on until the segments are smaller than

4 mm.

4.2.2 Drift of Electrons in the TPC

Assuming the magnetic field B is parallel to the electric field E and the E field is
uniform in the whole drift volume of the TPC, an electron has a constant drift

velocity in the E direction

e
=—7E 4.
u=_rE, (4.6)

wherer is the average time interval between successive collisions of the drifting
electron and the medium gas molecules[BR94|. Even in this much-simplified case,
due to the random nature of the collisions, point-like clouds of electrons which
begin to drift at time t=0 from the origin in the E direction will, after some time

t, assume the following Gaussian density distribution:

3 2
1 -r
n=|—| exp| — |, 4.7
<x/4th> g <4Dt> o
where 7% = 2% + y? + (2 — ut)?; D is the diffusion constant. Due to the electric

anisotropy effects, the diffusion constant is not the same in the tranverse and

longitudinal direction and we have the density distribution:

1 1 \2 z? + y? (z — ut)?
= - ADpt — ————| . 4.8
"= VDt (47rDTt) op [( g AP i (48)
when the magnetic anisotropy is included. The tranverse diffusion constant Dr

will change as a function of the B field (Figure 4.3).
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Figure 4.3: The Transverse Diffusion Constant vs. B2. This is a linear function of B?

for both small and large B. D(0) is the diffusion constant at zero B field and w = eB/m.

In the TRS, the TPC pad plane local coordinates are used (Figure 4.4). The
7 direction is perpendicular to the pad plane and the X direction is along the
pad row and Y direction is the center line of the sector. By this definition, Fig-
ure 4.4 is the YZ side view of the drift. For each sub-segment, a uniform electron
density approximation is assumed. This will take into account the finite size and
orientation of the sub-segment and is considered closer to the real situation and
better in simulating the interaction effects among segments. However, since a

full 3D description of the density distribution presents a great challenge for fur-
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Figure 4.4:

The YZ side view of the electron drift in pad plane coordinate system.

ther calculations, another practical assumption is made in the TRS. Since the
electrons mostly drift along the field lines (Figure 4.5 and Figure 4.6), a charge
distribution spreading in the Y direction will be diverted into 4 small groups and
collected by the sense wires which have fixed Y position. Therefore, the original
charge spreading in the Y direction becomes unimportant, only the Y value of
the centroid of the original electron cloud is important since that decides which
portion and how much of the charge goes to which wires. With these assumptions

and approximations, we have a final charge distribution:

Q(xu Y, z, 1?6, y(’)) 26) = QO(:E: Y, 2,%0, Yo, 20, L) ® n(a:, Y,z,%o, Yo, ZO) (49)
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where L is the length of the charge segment, (zo,yo, 20) is the centroid of the

original electron cloud with the original charge distribution

1
Qo(2, Y, 2, %0, Y0, 20) = +——6(yo) (Lo —|x—20|) (L. —|2—20[)6 (20— 20) 8 (yo—0)d (20— %),

L,L,
(4.10)
with (zf, yj, ;) the new position of the centroid of the smallest sub-segment in
simulation when it reaches the anode wire plane. The shift from the old centroid

to the new centroid is also the effect of diffusion.
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Figure 4.5: The Drawing of the E field lines in the MWPC (inner sector). Charge
segments are split by the gating grid and ground wires and take different paths to the

anode wires. Isochrones are spaced at 0.010 us.

The configuration of the wires and anode voltage setup are different for the
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Figure 4.6: The Drawing of the E field lines in the MWPC (outer sector). Charge
segments are split by the gating grid and ground wires and take different paths to the

anode wires. Isochrones are spaced at 0.010 us.

inner sectors and outer sectors. From the ground plane to the anode wire plane,
the drift time is different for inner and outer sectors. This effect has been stud-
ied in detail elsewhere [WW96]. A numerical calculation was made which gives
an arrival time difference of 0.0870 us [Bos99] at the nominal TPC drift field
(E=148.05 V/cm). This gives an equivalent drift length of 0.47 cm. This param-

eter can be well determined with an accuracy of 200 ym by calibration.

Because of the assumption of perfectly aligned E field and B field, the E x B

distortion is not simulated in the TRS, although it has the framework to do so. In
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the region of the anode sense wires, it is obvious the E x B is not zero. This will
pull the centroid a little to either postive X or negative X direction depending on
the force exerted by the pull of E x B on the electrons. This effect is included in
the simulation with rough estimation of the pull. It was checked that there was

no big difference in final results whether this effect is turned on or off.

Even when the gating grid is switched on, there are still some field terminated
on the wires. As a result, some of the electrons are not able to drift through the
grid. The gating grid voltages are set at -202 Volts when it is switched on during
the STAR TPC operation. At that voltage level, the transparency of the gating
grid is close to 100%. During their drift, electrons may be absorbed in the gas
by the formation of negative ions. Some molecules such as O, are capable of
capturing electrons at low collision energy. The oxygen concentration in the
TPC gas is controlled to be at very low level, thus the charge loss due to the
attachment is approximately 2.5% [Las]. This can either be considered negligible

or the effect can be simply absorbed as a constant in the simulation.

4.2.3 Amplification of Ionization

When an electron drifts towards the anode wire, it travels in an increasing
electric field E, which, in the vicinity of the wire at radius r, is given by the linear
charge density A\ on the wire:

E=-". (4.11)

Once the electric field near the wire is strong enough that between collisions
with the gas molecules the electron can pick up sufficient energy for ionization,

another electron is created and the avalanche starts (Figure 4.7).

42



avalanch

Figure 4.7: The schematic development of the avalanche on the anode wires.

As the number of electrons multiply in successive generations, the avalanche
continues to grow until all the electrons are collected on the wire. The avalanche
does not, in general, surround the wire but develops preferentially on the ap-
proaching side of the initiating electrons [BR94|. In the direction along the wire,
the avalanche spreads on the order of 75 um based on a detailed Monte Carlo
simulation of the scattering process involved in the multiplication [GSS89]. This
is still small compared to the size of the electron clouds which are simulated in
the TRS. It was also observed that the space charge effects were negligible during
the avalanche [GSS89].

Under normal gas conditions, an avalanche lasts for a fraction of a nanosecond,

43



but the physics processes inside it are quite complicated. They involve single
and multiple ionization, optical and metastable excitations, energy transfer by
collisions between atoms, etc [BR94]. In general, when the charge density in the
avalanche is negligible compared with the linear charge density of the wire, the
number of collected electrons is proportional to the product of a gain factor G

and the number of electrons that initiate the avalanche ny :

G is determined by the gas properties and the field. For the outer sectors,
the anode wire voltage is 1170 Volts. It is 1390 Volts for the inner sectors. The

estimated P10 gas gains with these voltages are [Bos96]:
Ginmer = 2503, (4.13)
Gouter = 1315. (4.14)

Due to the random nature of the multiplication process, there is always sta-
tistical fluctuation of the gain. In theory, the distribution of avalanches started
by single electrons can be described by Polya or negative binomial distribution
functions [BR94]. When the number of initial electrons is large, the central-limit
therorem of statistics applies. The gain simply follows a Gaussian distribution.
In the TRS, when the number of initial electrons is less than 6, a Polya func-
tion is called for each electron, otherwise a Gaussian function is called once to

approximate the average number of electrons.

The gas gain is affected by the gas density, which changes with the pressure
[BR94] :
dG /G = constant * dp/p. (4.15)
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Figure 4.8: Change in gain vs. change in pressure in the STAR TPC

Figure 4.8 is a plot showing the relationship between the gain and pressure.
The pressure was recorded by the gas system of the TPC, the gain calculated by
the offline analysis using the pion dE/dx band in the momentum range 0.25 < p <
0.30 GeV/c for several runs. The data points are well described by Equation 4.15.
But this feature is not included in the simulation because the variation is slow in

time and it is better to correct the real data to modify the Monte Carlo simulation.
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4.2.4 Signal Generation

A small test charge ¢q that travels between two points 1 and 2 under the influence

of the field E reduces the electric energy ¢ of system by the amount
2
Ae = / GE - dr = ¢(®) — @), (4.16)
1

proportional to the potential difference between the two points. This change in

energy is the source of the signal.

After an avalanche occurs in the TPC MWPC, the electrons do not have much
potential difference to travel before reaching the anode wire, while the ions will
travel to the ground wires which have a large potential difference with respect to
the anode wires. Therefore, almost all the energy and all the signal are due to

the motion of positive ions.

We can write the change in energy as a function of time as [BR94|
Ae = qV S(t), (4.17)

with
In(1+t/t)
SU) = S1nD/a)

where S(t) is a function that rises from 0 to 1, ¢ is of order of 1 nanosecond, V

(4.18)

is the potential of the anode wire, D is the distance between the anode plane and

ground plane. Using AE=AQ(t) x V', We have signal
AQ(t) = ¢S(t). (4.19)

S(t) is plotted in Figure 4.9. It is seen to reach more than 0.5 after 200 ns,
and nearly 1 after 68 us. The differentiation of AQ(?) is

=94 1

= In(Dja) (t £ 10)° (420)
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Figure 4.9: Plot of S(t) from Eq. 4.18 on a logarithmic time scale. The example was
calculated for tp=1.0 ns and D/a=200

which is origin of the famous 1/t tail of the signal.

A more precise form of Equation 4.20 can be derived from Ramo’s Theorem:
The current I that flows into one particular electrode 7 under the influence of a
charge ¢ moving at r; with velocity v can be calculated using

(v Ei(w1))

v (4.21)

I; = —¢q

from the field E;(r;) created by raising this electrode to potential V; and ground-
ing all others, in the absence of the charge. Therefore, the image current on

the pad plane induced by a charge moving towards the ground grid is related to
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E;(r1) in system 1 (Figure 4.10) by Equation 4.21. System I can be decomposed
into two simpler systems: system II, system III. [WhiO1](Figure 4.10). With s
being the wire spacing distance, 2z, being the distance between wire plane and
the conductive plane, r being the radius of the wires, A the charge density on the
wires and 1/G = 1 — s/(2nZy)In(27r/s) , the fields in system I is constant at
(1-G/(2—=@G))/D Volt/m and the solution of the field in system III is [BR94]

B0 — ﬁ {sinh[(?w{:l) (z—z0)] sz’nh[(27r{:2) (2 + 2)] } C um
mmf:%?(1—2;%m?¥>=1, (4.23)

where
Ap:wﬂ4%qz—%ﬂ—1, (4.24)
AQ::cmsh[%§(24—z@]-—1, (4.25)

However, a normal electronic amplifier produces its signal in a short time -
usually much less than a microsecond - by using only the early part of the original
signals when the ions are still in the vincinity of the wire. The detector is faster
and the trade-off of this is that only a fraction of the total charge is seen by the

downstream electronics (i.e. the ADC). This fraction F is given by [Las]:

In(1 + t,, /1)

F=— """
In(1+t5/ty)’

(4.26)

where t,, is the length of time the original signal would persist (~62 us), ty is the
characteristic development time (~1 ns), and ¢, is the shaping time (~180 ns).
F is close to 0.5 for STAR and is slightly different for the inner and outer sectors
due to different geometry. Because of this, the avalanche signal is treated as a
delta function of time with any amplitude of the q*F so that the time response

function of the system can be analytically calculated in simulation. But 180 ns is
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Figure 4.10: Calculation of Signal Currents Induced on Pad Plane. System 1 is
decomposed into system 2 and 3 on the merit of supposition of potential. System 2

and System 3 have analytic solutions.

equivalent to 1 mm in the Z direction and it is not small compared with the size of
the sub-segment. This is one area which can be improved in future simulations.
This means that the signals should be more blurred in the Z direction than
what is currently simulated in the TRS. However, the bottom line is the present

simulation is already fairly good, as one may see in the later discussion.

In order to derive the induced charge on the pad plane, we use the method
of images, where the influence of the wire is neglected. Figure 4.11 shows a

schematic drawing for a point charge ¢ located at (xo, yo, D/2) between two
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grounded infinite conductive planes P and G.
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=D

&
7=0

_I_

Figure 4.11: Charge images created by a charge ¢ in the center of the parallel plates.

The images of the charge ¢ are alternatively negative and positive, and are
situated at zy = £(2k + 1)D/2, (k=1,....) and zy= -D/2. The induced surface
charge density will be
—q X (2k+1)D/2

- {(z —20)2+ (y — w0)> + (2k + 1)2D?/4}3 ~
(4.27)

O'(iL', Y, Zo, yO) = ﬁ
k=0

The pad response function is obtained by integrating the o(z,y, xo, yo) over the

area of a pad :

YikH/2 [Xi+W/2
P(X;,Y;, %0, Y0) :/ /

O-(x’yaxO:yO)dxdya (428)
Y;—H/2

X;—W/2
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where X; and Y; are the center of the pad, W is the width of the pad, H is the
height. The integrated area includes half of the gap which is used as isolation
among pads. These are included to reflect the edge effects of the pads (Figure
4.12). Using z1 = 2(X; — 2o + &) and yy = 2(V; — yo = Z)[Ray99], we have the

pad response function

k=+o00
q
P(Xi, Yi w0, y0) = =5 kz_o (D Fy = Fo oy, — Fapy T F7 ] (4.29)
with
F* = tan! Tl . (4.30)

T+Y+

(2k +1)\/2% + y3 + (2k + 1)2

v

Figure 4.12: Charge Collected by Pad. The total charge collected by one pad is
determined by both the size of the pad and the relative position of primary charge to
the pad.
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In the case of the TPC, the signal is produced by the avalanche on the anode
wires, so the Y; — yo can only be £k, (k=0,1,...). If we choose Y;=0 and X;=0,
Figure 4.13 shows the 3 dimension view of the pad response function. The band

structure is caused by the anode wires.

It has been found experimentally [FS79] that the pad response function (PRF)
can be approximated by a Gaussian curve to within a few percent of its maximum
value along the pad row direction (X). Figure 4.14 shows the X-Axis projection
of the pad response function, when Y; — yo = 0, as well as the gaussian fit. The

function shown is not normalized. The fitted %%

»" of the gaussian function is

0.391 cm. In the case of inner sector pads (Figure 4.15), the a;f," is 0.196 cm. For
the STAR TPC, the PRF was measured using a nitrogen laser on an aluminum
coated quartz window as an approximate point source. Figure 4.16 shows the
measured points and a fit to a gaussian function for pads in the inner sectors
[WW96]. The o from the measurements is 0.197 4 0.002 cm for inner sector
pads and 0.37 +0.01 cm for the outer sector pads. The measurements are almost

identical to the theoretical calculation.

The Y projection of the PRF is a step function. The results are shown in Fig-
ure 4.17 for outer sector pads and Figure 4.18 for inner sector pads. In simulation,

the parametrized PRF is

1
P(X;, Y, z9,40) = _%Pw(XiafEO)Py(Y;a Y0), (4.31)
with q=1,
,w
Py(Xi,mo) =e %, (4.32)

s
P, (Y, y0) = 60’7»(5 —Y; — wl)

S 3s

+e[1 — h(§ —|Y; — y0|)]h(3 — |Y; — %0l)
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where h(z) = 1 if z > 0 and h(z) = 0 if z < 0, s is the wire spacing. For
inner sector pads, €g = 1.86332, ¢, = 1.62671, e = 0.163215, €3 = 0.0051573,
€, = 0.0000, €5 = 0.0000. For outer sectors, ¢¢ = 2.07, ¢, = 2.01, €5 = 1.58,
e3 = 0.538, ¢4 = 0.101, ¢5 = 0.000. In this parameterized form of the PRF,
there is an assumption that the o, is the same for the signals on all the wires.
Figure 4.19 shows the 2D projection of the 3D PRF. It is a good approximation
for the most central 3 wires. For the other two wires, the signal coupled to the
pad is small so that the effect is small. Nevertheless, this will cause the PRF to
be un-normalized, so an adjustable factor was introduced in the simulation which

can be tuned to match the data.

The induced charges on pads can be picked up by amplifiers connected to
them. The amplified signals are then shaped before being sampled and digitized.
Figure 4.20 is the schematic plot of the pre-amplifier and shaper. Using pulse
inputs 0(¢9) on the pads, we can study the time response function (TRF) of the

electronic system. It is parameterized as

F(t o) = h{t — to)%(g)%f, (4.33)

where 7 is about 55 ns for the TPC.

The PRF and TRF are the response to d(xg, yo,%0)- The real response will
be the superpositon of all the signal avalanches, therefore it should be a convo-

lution of the reponse function and diffusion of the original charge distribution
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Q(z,y, z, x4, Yy, 25, L). The final response function is

W (X, Yi, Z, x4, Yo, 20) = wa(Xi, 20)wy (Yi, yo) w2 (Z, 25), (4.34)
where
V2o, L+ X; —Le —af + X,
wy(X;, mg) = 0.5 e f i ki) erf |—2 ,—xo A ;
La: \/20'% 20’3

(4.35)

(2m)3
[1Y; — yt 2] [|Y; — ybl — 35/2]
+(e1 — €) {erf | %; 3/ | —erf | \?ﬁ%‘% 35/ }
[1Yi — yo| + 55/2] [ Vi — ypl — 55/2]
+(eg — € er —er
( ? 3){ f L \/§O'm ] f | \/iaw J
[1Y; — yp| + 75/2] [|Yi — yp| — 7s/2]
+(e3 — € er —er
( 3 4){ f i \/50'1. ] f i \/50'1.

+e4{erf lm —%; 93/21 o lm —3%0- 93/2]}’

= (87 {foh(5 — I¥i — i)
T ) L s )

3s Hs

+o{l = A = [Yi = oD} = [¥i = o))
oS , 7s ,

+f3{1 - h(? - |Yz - y0|)}h(7 - |Y, - yoD

7s 9s
+f4{1 - h(; —Y; - yél)}h(g — 1Y — )

Os

1= (S = Y=},

with fo = 0.33, fi1 = 0.32, f, = 0.2515, f3 = 0.0856, f, = 0.01607, f5 =
0.0036 for outer sectors and f, = 0.333, f1 = 0.298, f, = 0.038, f3 = 0.00181,

f1=0.0000, f5 = 0.000 for inner sectors. o, is referred to the transverse diffusion

with drift length 2.
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For the response in the z direction or the ¢ direction, we have

with

OLt

Dy

G
a1
Bo
b
S0

S1

w,(Z,2y) = w,(T,t)

= (erf(By) —erf(By) + so — 31)%&,

0:(2) /v,

L, /v,

V20147

T —ty+ D/2)/7/A,

(
(T —to — D/2) /T[4,
(
(

4/2.~ By),
AJ2. — By),
FoA,

[ A,

ap — A%/4,
oy — A?/4,

£ er fe(To)eap(fo) (@] — o + ABy +2) + exp(—B3)/(VF/2(2 — aw).

Ler el 1)eap(3)(0] — o + ABy +2) + eap(—B}) [V/7/2(2 - o).

(4.36)

Here v is the drift velocity. The w,(Z, z{) is again parameterized as a Gaussian

function plus an exponential function in the simulation.
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4.2.5 Digitization

The simulated analog signals are digitized to their ADC and TDC values as the
output from the TRS. In this step, white noise is added. The noise level is set at
1.2 ADC counts, in accordance with measurements. There has been a discussion
about whether we should simulate the noise using other models. Because most
of electronic noise is added after the pre-amplifier and shaper, it has a different
time dependence than the signals and should not be white noise at the output
end. One of the effects is a possible anti-correlated noise in the time direction

[BW99]. However, preliminary results do not show any such obvious effects.

4.3 Evaluation of the TRS

The first workable version of the TRS was implemented in the STAR software
library in 2000. This version was used in the tuning of offline analysis code such
as the cluster- and hit-finding algorithms, as well as the L3 trigger software..
Currently, the TRS is used by the STAR collaboration as one of the embedding
tools in the calculation of efficiencies for the TPC. A major evalution of the TRS
was done by comparing the simulated results on the characteristics of pixels, hits,

and tracks with the results from real data.

At the pixel level, one can compare the dimension of the hits along the padrows
and in the drift direction in real data and in MC data. The performance of the
simulation in this respect is directly related to whether the simulation can repro-
duce the two-hit resolution in real data, and eventually the tracking efficiency
change as a function of multiplicity of events in real data. Figure 4.21 and Fig-
ure 4.22 compare the the distribution of number of pads covered by TPC hits

in the outer sectors. The hits are compared on tracks with p, < 0.3 GeV/c.
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Figure 4.23 and Figure 4.24 compare the distribution of number of time buckets
occupied by TPC hits in the inner sectors. The time bucket is the number of

periods of the data sampling clock.

At the hit level, one can compare the hit residuals which determine the mo-
mentum resolution of the track and reconstructed vertex resolution. Figure 4.25
and Figure 4.26 show the comparison of the residuals as a function of the track
crossing angles and dip angles. The crossing angles are define by the track’s pro-
jection onto the pad plane and padrow: 90° means the track is parrallel to the
gating grid, ground wires and pad row and 0° is perpendicular to this direction.
The dip angles are defined by the track and the pad plane: 90° means the track
is perpendicular to the plane and 0° means it is parallel to the pad plane. There
are about 400 um discrepancy between the real data and the TRS simulation in
the z residual comparison. This may be related to the fact that signals on the
sense wires are mainly due to the motion of the ions, but are assumed to be a §
function in time. That in turn means the simulation underestimates the signal
broadening in the z direction to some degree. This aspect of the TRS remains
to be improved. The easiest way to do this is to add an extra, constant diffusion
term in the z direction and then vary this parameter in the simulation to match

the real data.

The dependence of the residual on the drift distance is studied too. Figure 4.27
and Figure 4.28 show the residuals as a function of crossing angle for different
drift length. The residuals increase as the drift length increases. At the hit level,
the distribution of the total energy deposited per TPC hit is shown in Figure 4.29
for both real data and the TRS. This quantity is shown as a function of padrow;
the step between inner pad rows and outer pad rows is caused by the different

size of the pads. At the track level, the distribution of the number of hits on
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global tracks were compared for real data and the TRS. The results are shown
in Figure 4.30. More precise and quantative comparisons are done in efficiency
studies by people who use this as the simulator in their embedding. In general,

the TRS reproduces the data fairly well.
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3D Pad Response Function {(wire,x)
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Figure 4.13: The 3D View of the Pad Response Function (PRF). The X axis is the
direction along the pad row. The Y axis is the direction transverse to the pad row.
Because the original signals are collected by wires above the pads and signals on wires
then induce the image charge to produce signals on pads, this causes the band structure

seen here.
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Figure 4.14: Projected View of the PRF on the X axis. The X axis is the direction
along the pad row. This was plotted for the wire right above the outer sector pad. The

fitting function is Gaussian with a 6=0.39 cm.
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Graph

Constant = 0.3278
\ Mean =-3.64e-05
\ Sigma =0.1964

Figure 4.15: Projected View of the PRF on the X axis. The X axis is the direction
along the pad row. This was plotted for the wire right above the inner sector pad. The

fitting function is a Gaussian with a 0=0.196 cm.
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Figure 4.16: The measured PRF on the X axis. Figure is taken from [WW96].
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Figure 4.17: Projected View of the PRF on the Y axis. The Y axis is the direction

transverse the pad row. The number of steps reflects the position of the wires over the
pad plane on the outer sectors. There are five equally spaced wires over each pad row
but the plot takes into account wires beyond one pad row. The distance between the

wire plane and pad plane is 0.4 cm. The pad size is 20 mm x 6.7 mm.
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Figure 4.18: Projected View of the PRF on the Y axis. The Y axis is the direction
transverse the pad row. The number of steps reflects the position of the wires over the
pad plane on the inner sectors. There are three equally spaced wires over each pad row
but the plot takes into account wires beyond one pad row. The distance between the

wire plane and pad plane is 0.2 cm. The pad size is 12 mm x 3.35 mm.
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2D view of the pad response Function
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Figure 4.19: Projected View of the PRF on the X axis for all wires for the outer

sector pads.
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Figure 4.20: The pre-amplifier and the shaper.
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Figure 4.21:

The simulated number of pads per TPC hit for tracks with p; < 0.3 GeV/c for

the outer sectors.
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Figure 4.22: The number of pads per TPC hit for tracks with p; < 0.3 GeV/c for the

outer sectors.
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Figure 4.23: The simulated number of time-buckets per TPC hit for tracks with

pt < 0.3 GeV/c for the inner sectors.

69



Number of Time buckets per Hitinnerp < .3 GeV |

ntmbkperhiti

60000 — Nent = 272292

C - Mean = 9.321
50000 RMS = 2.202
40000 — o
30000 —

E real
20000 —
10000 o —

0 L ‘ 1 I_|_| 1 1 1 | 1 1 1 1 ‘__|_|—'—‘—
0 5 10 15 20

Figure 4.24: The number of time-buckets per TPC hit for tracks with p; < 0.3 GeV/c

for the inner sectors. Tracks were reconstructed from real star data.
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Figure 4.25: The XY residuals vs. crossing angle for tracks with p; < 0.3 GeV/c for
the outer sectors. The XY residuals are the hit residuals along the padrow. Crossing

angle is defined by the track and TPC padrows.
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Figure 4.26: The Z residuals vs. dip angle for tracks with p; > 0.3 GeV/c for the

outer sectors. The Z residuals are the hit residuals in the drift direction. Dip angle is

defined by the track and TPC pad plane.
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Figure 4.27:
The XY residual dependence on drift length for tracks with p; > 0.3 GeV/c for

the outer sectors. Data points are from real data.
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Figure 4.28:
The XY residual dependence on drift length for tracks with p; > 0.3 GeV/c for

the outer sectors. Data points are from TRS data.
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Figure 4.29: The Mean Energy Deposited per Hit vs. Pad Row
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Figure 4.30: The distribution of the number of hits per track.
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CHAPTER 5

Analysis Methods

5.1 Trigger

Real data was taken with two different trigger conditions: a minimum-bias trig-
ger requiring a coincidence between the ZDC’s and a central trigger additionally
requiring a high multiplicity in the CTB. The central trigger corresponded to
approximately the top 15% of the measured cross section for Au+Au collisions.
Data from the minimum-bias trigger were used in final analyses. Data from
central trigger were used in some systematic error analysis. For the results pre-
sented here, about 400k minimum-bias trigger events and 200k central trigger

events were used.

5.2 Event Selection

During the summer 2000 run, the collision vertex position varied considerably.
This would greatly change the acceptance of particles in transverse momentum
(p¢) and pseudo-rapidity (n) phase space due to either pure geometric effects or
the material distributions in the TPC. It was neccessary to select events based
on the primary vertex postion to simplify the analysis. In this analysis, we chose

the events with primary vertex between +75 and -75 cm in Z. For the central-
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Figure 5.1: The minimum-bias primary track charged multiplicity distribution in a
pseudo-rapidity interval —0.75 < n < 0.75 as a function of the number of tracks nor-
malized by the maximum observed number of tracks. The eight centrality regions used
in this analysis are shown. The integral under the curve is 1.0 and the cumulative frac-
tion corresponding to the lower edge of each centrality bin is indicated as a percentage.

Figure taken from [Ack01].

ity measurement, the uncorrected total charged multiplicity distribution within
a pseudo-rapidity window |n| < 0.5 was divided into 5 bins: >430, 363-430,
256-363, 142-256, 14-142. These bins correspond to top 5%, 5-10%, 10-20%, 20-
35%, and 35-75% of the total cross section for Au+Au collisions, respectively
[Ack01]. Figure 5.1 presents the uncorrected charge multiplicity distribution for
minbias events and the centrality binning. They were converted to the distribu-
tion within pseudo-rapidity interval —0.5 < n < 0.5 to define the centrality bins

in this analysis. The flow centrality definition [Ack0O1]was shown in Table 5.1 for
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comparison.

Centrality Bin Measured cross section Geometric Au+Au cross section

1 58-85% 53-77%
2 45-58% 41-53%
3 34-45% 31-41%
4 26-34% 24-31%
5 18-26% 16-24%
6 11-18% 10-16%
7 6-11% 5-10%
8 Top 6% Top 5%

Table 5.1: Flow centrality as defined in reference [Ack01]. Charged multiplicity is
measured within a pseudo-rapidity window |n| < 0.75 for an event. The numbers for
both the measured cross section as well as the geometric cross section associated with

each centrality bin are listed.

5.3 A and A Reconstruction

A and A are reconstructed through the charged decay topology: A — 7~ +p and
A=t +p.

Figure 5.2 shows the topology of a A decay. Track p (positive) and Track n
(negative) are the two decay daughter tracks. The dca stands for the distance
of closest approach (DCA) from the daughter tracks to the primary vertex. The
dcapn means the DCA between the two tracks. The momentum of track p and
track n are combined at the decay vertex at the DCA between the two tracks to
form the total momentum of the A and the dcaVO0 refers to the DCA from the

primary vertex to the direction of total momentum. L is the decay length.
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Figure 5.2: The A Decay Topology.

We selected positive and negative tracks pairs according to the criteria listed
in Table 5.2. Tracks were required to have at least 16 space points to ensure
the quality of tracks and get rid of short tracks which are mostly ghost tracks in
tracking. For the positive tracks with low Pt, their measured ionization energy
loss (dE'/dx) are required to fall outside the pion dE/dz band shown in Figure 5.3.
This was achieved by applying very loose dF/dx cuts. By truncating the largest
30% of the dE/dxr samples on a track, the mean value of the remaining 70%
of the dF/dx samples were calculated. The measured mean (dF/dx) can be
described by the Bethe-Bloch function smeared with a resolution of width o.
Tracks within 2.85 ¢ or larger of the proton Bethe-Bloch curve were selected. In

the o calculation, the number of hits was set to 13 to ensure a maximum ¢ in order
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Track Quality and Kinematic Cuts

Track (p, p) Distance of Closest Approach > 0.9 cm
to Primary Vertex

Track (7~ ,7") Distance of Closest Approach > 2.95 cm
to Primary Vertex

Number of Hits on Track > 15
Distance of Closest Approach < 0.75 cm
between Positve and Negative Track

Track (A,A) Distance of Closest Approach < 0.5 cm
to Primary Vertex

Decay Length > 5 cm

Particle Identification Cuts

Pion PID N/A
Proton PID (—2.850,, +00)

Table 5.2: Requirements placed on candidate positive and negative tracks. These
cuts are optimized taking into account requirements for adequate signal and minimiza-
tion of background while reducing possible systematic uncertainties from the efficiency

calculation.

to include almost all possible protons after this cut. The dE/dx cut was applied
because all the events were dominated by pions and this cut greatly reduced the
combinatorial background. For the pion candidates, there is effectively no cut
on dE/dx. The dca cuts were applied to exclude as many primary tracks as
possible. For each candidate pair, a vertex is formed by finding the closest point
between the two helical tracks. A helical track used in the vertex reconstruction

is parameterized as :

x = x.+rcos(d+ ho), (5.1)
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Figure 5.3: The measured (dE/dx) vs. p for reconstructed tracks in the TPC.

y = Y.+ rsin(f+ ho), (5.2)

z =z +rtan(\)e. (5.3)

(%ey Yo, 2c) is the coordinate of the center of the helix, z. is the z coordinate of
the first point (zo, yo, 20) on the track, r is the curvature, h is the helicity, 6 is
the azimuthal angle of the vector (g — x¢, Yo —yc), A is the dip angle of the helix,

¢ is the parameter of the equations.

We first find the dca points in the XY plane. They are simply the crossing
points of two circles (case 1) or one point (case 2) (Figure 5.4). Let the solutions
be ¢p1, ¢po for track 1 and ¢p1, ¢y for track n. Next, we look for the dca points in
3 dimensions for each set of solutions. Let’s take set 1 as an example. In general,

the dca points in the 3D space is close to the dca points found in 2D calculation,

81



case | case ll

Figure 5.4: The Crossing points of two circles.

adding the subscript, we can rewrite the parameterized helical track as

Ty = T, +1pcos(By + hyodp1) — rphysin(6, + hop)doy,
Yp = Ye, +1p5in(0p + hpdp1) + rphpcos(0y + hypdp1 )0y,
(A )¢p1 + T‘ptan( p)5¢p>

Zp = Z¢, trplan

Tp = xcn + ’I"nCOS( + h ¢n1) TnhHSZn(en + hn¢n1)6¢n7
Yn = + TnSZTL( + hn¢n1) + Tnh COS( n T hn¢n1)6¢n7
Zn = Ze, + ratan(Ay)dn1 + ratan(A,)ody.
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The distance between the two helices can be expressed as:
DQ(xpa Yps Zps Ty Yns Zn) = (xp - mn)Q + (yp - yn)2 + (Zp - Zn)Q- (5'10)

Finding the DCA becomes finding the solution for the group of linear equa-

tions:
0D?
8((5@,) =0, (5.11)
0D?
300, =0. (5.12)

For a group of linear equations, there is one and only one solution (6¢, , d¢y,)
and it can be calculated . After a solution is found, the candidate vertex can be
chosen as the midpoint of the two DCA points on the two tracks. If the vertex
can pass the cuts listed in Table 5.2, the invariant mass is calculated, using a

mass hypothesis of proton for the postive track and pion for the negative track:

m = \/ (\/m§+P§+\/m72T+P,§ )2 — P2, (5.13)

where m,, is the mass of proton, m, is the mass of pion, P, and P, are the
momenta at the DCA points and P is the total momentum of P, and P,. The

cuts for the A are charge-symmetric as compared to the A.

5.4 A and A Signals and Backgrounds

The STAR TPC worked well and the data taken in the summer 2000 run were
of good quality. With the geometric cuts applied in the A and A reconstruction,

Figure 5.5 shows an example of the invariant mass distribution in |y| < 0.5
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Figure 5.5: Invariant mass distribution of A and A candidates.

from central collisions. The mass resolutions for the reconstructed A and A are

typically about 3-4 MeV /c? for the width (o) of the Gaussian fit to the peak.

We studied the best function to use to describe the reconstructed signals. We
could fit the mass histograms with either a combination of a Lorentzian function
for the signals and a 2nd order polynomial function for the background, or a
combination of a Guassian function and a 2nd order polynomial function. We
noticed that the magnitude of the signals were different when different functions
were used. The Lorentzian fit would systematically give a raw signal yield about
15% higher than the Gaussian fit on average over the entire pt range. Figure 5.6
shows a sample mass histogram in the pt range from 0.6 GeV/c to 0.8 GeV/c.
The two different fits were tried. The raw yields are 1582 4+ 53 and 1274 + 41 for
the Lorentzian fit and Gaussian fit, respectively. The difference is certainly not
a statistic fluctuation. A comparison between the y-square of the two fits didn’t
rule out either one. It was then noticed that the integration of any Lorentzian

function outside the 30 counted for about 12% of the integral over the whole
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Figure 5.6: The comparison between Lorentz fit and Gaussian fit in 0.6 < p; < 0.8.
A second order polynomial fit to the background is used in both fits. The solid line is a
Gaussian fit to the signals while the dashed line is for the Lorentzian fit. The extracted

yield is 1275 for the Gaussian fit and 1582 for the Lorentzian fit.

range. So the problem could be traced down to whether there was enough signal
outside the 30 (~12 MeV) in real data. A Monte-Carlo simulation using the
TRS shows virtually no signal outside the mass region of (my + 12 MeV), my
is 1.116 GeV/c%. But a more convincing conclusion is better to be drawn based
on the analysis of real data. To do so, the background had to be subtracted.
An event rotation method was proposed to reproduce the background. This was
inspired by the event mixing technique originally proposed by Kopylov [Kop74].
The basic idea of the event rotation method is to rotate all the positive tracks by
180 degrees in the azimuthal plane with respect to the primary vertex. In this way,
the whole event is not changed statistically, because of the symmetry of the events
themselves, but all the decay vertices were destroyed because one of the daughter

tracks was rotated away. Thus, only combinatorial background is reconstructed.
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After the background subtraction, signals are revealed as mostly concentrated
within the mass window of (my 4 12). Therefore, a Lorenztian function was
considered as inappropriate for the reconstructed A and A. Figure 5.7 shows
the mass histogram of signals, combinatorial background and signal after the

background subtraction, integrated over F,.
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Figure 5.7: The Mass histograms of signals and combinatorial background. The
combinatorial background is reconstructed by event rotation. The histogram after the
background subtraction shows the width of real signals is about 4 MeV. These are for

all Pt-

Besides the combinatorial background, the K will contribute most of the re-
maining background. At p; above 1 GeV/c, we can’t distinguish protons from pi-
ons. They therefore can’t be subtracted using event rotation. If we mis-indentified
a pion as proton, the reconstructed mass would most likely be higher than the
lambda mass. Three body decay, eTe™ pair production and vertices produced by

showers are other possible sources of background. Since the overall background
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is low, we don’t expect it to have big effect on the signal fit after the background
subtraction and refitting of the subtracted mass histograms. Figure 5.8 to Fig-
ure 5.17 show the raw yield of As in 10 pt bins. In each plot, the upper panel
shows the raw signals, backgrounds and a fit to the raw signals. The lower panel
shows the signals after the background subtraction and a fit to the histogram.
The fitting function is a gaussian function plus a 2nd order polynomial function.
They are for the top 5% centrality bin in |y| < 0.5 from minimum-bias collisions.
The differences in integrated raw yield of signals between these two methods is

small for most of the p; bins and this will be discussed further in Chapter 6.

From low p; bins to high p, bins, the width of the Gaussian fit becomes larger.
This is mainly due to that fact that the momentum resolution becomes worse for
high p; tracks. Because the Gaussian fit always under-estimates the signal at the
mass peak by a few percent, we use bin counting as our estimate of the raw yield.
The bin counting is done by subtracting the histogram bin content with the fitted

background at that bin. The case for the As are similar to those for the A s.
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Figure 5.8: The Mass histograms of signals and combinatorial background for
0.4 < P, < 0.6 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.9: The Mass histograms of signals and combinatorial backgrounds for
0.6 < P, < 0.8 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-

traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.10: The Mass histograms of signals and combinatorial backgrounds for
0.8 < P, < 1.0 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-

traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.11: The Mass histograms of signals and combinatorial backgrounds for
1.0 < P, < 1.2 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.12: The Mass histograms of signals and combinatorial backgrounds for
1.2 < P, < 1.4 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.13: The Mass histograms of signals and combinatorial backgrounds for
14 < P, < 1.6 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.14: The Mass histograms of signals and combinatorial backgrounds for
1.6 < P, < 1.8 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.15: The Mass histograms of signals and combinatorial backgrounds for
1.8 < P, < 2.0 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-
traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.16: The Mass histograms of signals and combinatorial backgrounds for

2.0 < P, < 2.2 GeV/c. The upper panel shows the raw signals, backgrounds and

a fit to the raw signals. The lower panel shows the signals after the background sub-

traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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Figure 5.17: The Mass histograms of signals and combinatorial backgrounds for
2.2 < P, < 24 GeV/c. The upper panel shows the raw signals, backgrounds and
a fit to the raw signals. The lower panel shows the signals after the background sub-

traction and a fit to the histogram. The fitting function is a gaussian function plus a

2nd order polynomial function.
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5.5 Efficiency Corrections

We used the event embedding method to correct these pt spectra for detector
acceptance, response, tracking efficiency and vertex reconstruction efficiency. The
event embedding method (Figure 5.18) includes the simulation programs GSTAR
and TRS and the standard STAR embedding and reconstruction chain. Simulated
A(A)s were generated using a flat rapidity distribution and an m; distribution

with a slope of 350 MeV. They were passed through the GSTAR and TRS first.

In GSTAR, As are forced to decay in charged decay mode.

A - __H“‘“\ hl Q)
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Figure 5.18: The event embedding procedures.

The output of TRS were then mixed with the raw data. The combined data
were then passed though the reconstruction chain just like the real data. After
the reconstruction of the complete event, reconstructed vertices were to be cor-
related with the Monte Carlo(MC) simulated ones. This process is referred to
as "Association’. In the ’Association’, reconstructed hits will be associated with
MC generated hits if they are within a maximum distance of 0.5 cm. When a
reconstructed track has at least 5 common hits with one MC track, they will

be associated. If a reconstructed vertex has two associated tracks, and the two
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MC track they are associated with are coming from a MC vertex, the vertex will
be associated too. For each p, and rapidity bin, the efficiency is defined as the
number of associated vertices divided by the number of input MC vertices in

the particular bin. The final efficiency includes the branching ratio as well. The

il
g | Hh]ﬂ
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£ 25— [ ‘Lm H =
s T I:‘I \ E
: gl ]
E 15; T»I:I&TM E

O;HNHH\\\u\uu\\u\\uu\uu\uu\uu;

Number of fit points

Figure 5.19: Number of common hits vs. number of fit points used to reconstruct
the track. The error bars are 3o error bars from a gaussian fit to the distribution of

number of common hits for each value of the number of fit points.

Monte-carlo association efficiency for tracks was studied. Figure 5.19 shows the
correlation between the common hits requirement when associating tracks and
the off-line number of fit points requirement applied to real data. It was deter-
mined that the final result would be insensitive to association inefficiency as long
as the number of common hits required were 5 fewer than the number of fit points

required for the off-line data [YamO01]. The number of fit points is almost equal
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to the number of points, although it is the number of points that is used for the
A (A) off-line reconstruction. In addition, the number points requirement is set
to 15, which is much greater than 5. Figure 5.20 shows the efficiency for A recon-
struction vs. p; in |y| < 0.5 for 5 centrality bins for minimum-bias events. The
decay branching ratio is included. The efficiency drops from the most peripheral
bin to the most central bins, reflecting the drop in tracking efficiency. Figure 5.21
shows the efficiency for A reconstruction vs. p; in [y| < 0.5 for 5 centrality bins
for minimum-bias events. They are smaller than the corresponding efficiencies in
the A reconstruction due to the extra absorption effects for the p. If we bin the
efficiency in the rapidity, the 2D histogram shows the phase space acceptance of

the STAR TPC (Figure 5.22). This is for all the centrality bins combined.

Figure 5.23 and Figure 5.24 are the uncorrected p; spectra for 5 centrality
bins for the As and As.
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Figure 5.20: The Reconstruction efficiency of the A for 5 centrality bins. The decay

branching ratio is included. Error bars shown are statistical errors only.
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Figure 5.21: The Reconstruction efficiency of the A for 5 centrality bins. The de-
cay branching ratio and absorption corrections are included. FError bars shown are

statistical errors only.

102



P (GeVic)

N
IIII|IIII|IIII|IIII|IIII|III

0.5 : 1 14 2

-1.5 -1 -0.5 0 0.5 1 1.5
Rapidity

Figure 5.22: Reconstruction Efficiency of the A in p; — Rapidity Phase Space. Each
entry is correspondent to 1000 input As and the decay branch ratio of 0.639 is not

included. It includes all centralities.
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Figure 5.23: The uncorrected transverse momentum spectra of the A for 5 centrality

bins. Error bars shown are statistical errors only.
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Figure 5.24: The uncorrected transverse momentum spectra of the A for 5 centrality

bins. Error bars shown are statistical errors only.

105



CHAPTER 6

Results

6.1 Corrected p; Spectra

The raw p; spectra were divided by the efficiency histograms to obtain the
corrected p; spectra for all centrality bins. The spectra are plotted in Figure 6.1

and Figure 6.2.

6.2 The Transverse Mass Distribution

The transverse mass of a particle is related to p; by

my = \/mg + pi, (6.1)

mtdmt = ptdpt- (62)

The corrected p; spectra can be translated into the transverse mass distribution

1 d’N
2nrm¢ dmidy

which features the invariant multiplicity vs. transverse mass ( Vs my —
my) for the 5 centrality bins for both the As and As in Figures 6.3 and 6.4.
Tables 6.1 and 6.2 list the value and the errors for each data point. The errors
include the statistical errors and estimated systematic errors. The systematic

error estimation is discussed in chapter 7 .
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Figure 6.1: The corrected transverse momentum spectra of the A for 5 centrality bins.

Error bars shown are statistical errors only.

The transverse mass distributions were fit to

1 d’°N 1
= — A g (m=mo)/T 6.3
2mmy dmydy 2w © (6:3)
and
1 d’N 1
= — Amy e (M mo)/T (6.4)

separately with the former the exponential fit and the later the Boltzmann fit. In
each case, the slope parameter T can be extracted. The rapidity density, dN/dy
at mid-rapaidity, was extracted by integrating the fit to the measured transverse

mass distribution. For the exponential fit, the dN/dy is AT (mg+ T') and for the
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Figure 6.2: The corrected transverse momentum spectra of the A for 5 centrality bins.

Error bars shown are statistical errors only.

Boltzmann fit, it is AT(m3 + 2m,T + 277).

To simplify the error calculation, the fitted variable A is replaced by the
dN/dy in both the exponential fit and Boltzmann fit.

From the fitted parameters, the fraction of the A and A in the measured m;
region is ~80%. The results of the fits to the invariant multiplicity distributions
are shown in Table 6.3. The slope parameters obtained from the exponential
fit are systematically higher than those from the Boltzmann fit by about 35-

50 MeV. However, the integrated yield from both fit functions are consistent
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my — My 0—-5% 5—10% 10 — 20% 20 — 35% 35— 75%

(GeV/c?)
0.107 3.73+0.26 | 3.07+0.26 | 2.244+0.16 | 1.494+0.12 | 0.49 £0.04
0.201 2.53+0.10 | 1.93+0.09 | 1.67 + 0.07 | 0.97 +0.05 | 0.32 4+ 0.02
0.318 1.994+0.06 | 1.59+0.06 | 1.28+0.04 | 0.73 +£0.03 | 0.21 +£0.01
0.451 1.57+0.05 | 1.154+0.04 | 0.90 £ 0.03 | 0.51 +0.02 | 0.13 £0.01
0.597 1.02+0.03 | 0.79 £ 0.03 | 0.57 £ 0.02 | 0.36 & 0.01 | 0.09 £ 0.00
0.754 0.66 +£0.02 | 0.54 +0.02 | 0.41 +0.01 | 0.23 £0.01 | 0.05 4+ 0.00
0.918 0.43+0.02 | 0.33+0.02 | 0.254+0.01 | 0.14 £0.01 | 0.03 4+ 0.00
1.088 0.25+0.01 | 0.204+0.01 | 0.16 +=0.01 | 0.08 +-0.00 | 0.02 4 0.00
1.262 0.13£0.01 | 0.11 £ 0.01 | 0.09 4 0.01 | 0.04 £0.00 | 0.01 4+ 0.00

Table 6.1: Invariant yield in each m; — ma bin for 5 event centralities. Errors listed

are statistical errors only.

with each other within errors.

6.3 Ratio of the A/A

From the corrected p; spectra, the ratio of the A/A were drawn as a function
of p; (Figure 6.5). The systematic errors are 0.04. No obvious p; dependence was
seen About the ratio, one possible systematic error is the ExB effect. In the data
presented here, the POOhm version of the STAR reconstructed code was used.

The POOhm version performs the ExB correction on the real data.
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my — Ma 0—5% 5—10% 10 — 20% 20—-35% | 35—715%

(GeV/c?)
0.107 219£0.17 | 1.67£0.15 | 1.57+0.13 | 1.30 £ 0.13 | 0.33 £ 0.03
0.201 1.79+0.08 | 1.38 £ 0.07 | 1.27£0.06 | 0.77 £0.04 | 0.25 £ 0.01
0.318 1.39£0.05 | 1.13+£0.05 | 0.93£0.03 | 0.56 £0.03 | 0.16 = 0.01
0.451 1.10£0.04 | 0.86 = 0.03 | 0.63 £ 0.02 | 0.40 £ 0.02 | 0.11 = 0.00
0.597 0.75£0.03 | 0.65+0.03 | 0.48 £ 0.02 | 0.27 £ 0.01 | 0.07 £ 0.00
0.754 0.49+0.02 | 0.38 £0.02 | 0.29 £0.01 | 0.15 £ 0.01 | 0.04 £0.00
0.918 0.31£0.01 | 0.26 £0.01 | 0.19£0.01 | 0.10 £0.01 | 0.02 £ 0.00
1.088 0.20+0.01 | 0.15£0.01 | 0.11 £ 0.01 | 0.06 = 0.00 | 0.01 £0.00
1.262 0.11+0.01 | 0.09 £0.01 | 0.07 £ 0.00 | 0.03 £ 0.00 | 0.01 £0.00

Table 6.2: Invariant yield in each m; — mj bin for 5 event centralities. Errors listed

are statistical errors only.

Centrality 0-5% 5-10% 10-20% | 20-35% | 35-75%
dN/dy A | 17.0+0.4 | 13.0£0.3 | 10.1£0.2 | 5.9£0.2 | 1.614+0.05
(Boltz) A | 12.0+0.3 | 9.6+0.3 | 7.4+0.2 | 4.6+0.1 | 1.26+0.04
Tp A | 29845 30416 303+6 28946 2544£5
(MeV) A | 31246 3106 30516 28046 25845
dN/dy A |17.4+0.4 | 13.3+£0.3 | 10.4+0.2 | 6.1£0.2 | 1.66+0.05
(exp fit) A |12.3+0.3 | 9.840.3 | 7.6+0.2 | 4.7+0.1 | 1.30+0.04
Tg A | 355+8 364=+9 362+£8 343+8 2957
(MeV) A | 37449 373+8 36618 3318 301£7

Table 6.3: Fit parameters from exponential and Boltzmann fits of the mp spect ra

for A and A. Both statistical (the first) and systematic errors are presented.

110



Centrality | 0 —5% | 5—10% | 10 — 20% | 20 — 35% | 35 — 75%

h~ 296.6 243.4 186.7 109.6 33.3

Table 6.4: The corresponding i~ for 5 centrality bins

6.4 The dN/dy and h~

In this analysis, the event selection for different centrality bins was based on the
number of uncorrected charged primary tracks (see Chapter 4). In order to make a
meaningful comparison to data from other analyses, a conversion from the number
of uncorrected charged primary tracks (Nuncorrected) t0 the number of corrected
negative primary tracks within a pseudo-rapidity interval |n| < 0.75 is necessary.
The negatively charged hadron multiplicity (h~) were chosen to describe the
events because the negatively charged hadrons are free of the projectile fragments.
A more general quantity, the number of nucleons that participate in the collisions
(Npart) can be related to the h~ by Equation 6.5 in STAR at /s = 130 GeV when

comparison between different experiments are needed.

(h™) = 0.4042({Npgt) 7. (6.5)

Table 6.4 shows the relation between centrality bin used in this analysis and
the A~ . The plot of dN/dy vs. h™ is shown in Figure 6.6. dN/dy increases with
h~ as expected. That dependence is the same for the A and A with the ratio of

the A and A staying almost constant for all centrality bins.
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CHAPTER 7

Systematic Uncertainties

In this analysis, we have measured inclusive A (A) cross sections which include
the primordial A (A ) production, X° decays, and decays from multi-strange
hyperons, notably the Z° and Z~. For the inclusive measurements, the full range
of the systematic uncertainty is estimated to be 9% for T and 10% for dN/dy.
The feed-down effect has been estimated for the most central bin and determined
to be about 27% of the inclusive yield. The systematic error was estimated by
using different methods and we assumed that the error obtained by different

methods are uncorrelated, although it might not always be the case in real life.

7.1 Uncertainties in the Efficiency Calculation

Systematic uncertainties due to the Monte-Carlo simulation have been studied.
The uncertainties lie in the inevitable inability of the Monte- Carlo to completely
describe the detector response. Using identical cuts in A reconstruction for both
the real events and embedded events, the final distributions for all the geometric
cuts were compared between the real data and Monte-Carlo (MC) data. The
distribution for the real data was obtained after the background subtraction.
The MC distribution was obtained from the associated As or As. The dataset
used were minimum-bias events. As a precaution against possible effects due

to the TPC central membrane and asymmetric effects on positive and negative
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charge due to field distortions, the dataset was divided into two groups, with one
group having As (As) pointing away from the central membrane and the other
having them pointing towards the central membrane. They were further divided
for the east half and the west half of the TPC. For some of the cuts, different
p; bins were used: a low p; bin with p; < 0.7 GeV/c, a medium p; bin with
0.9 < p; < 1.2 GeV/c and a high p; bin with p, > 1.4 GeV/c. Due to limited
statistics, all distributions combined all the centrality bins. The meaning of the
cuts were explained in Chapter 4. All the Figures 7.1 to Figures 7.12 shown here
were for the case of A or A pointing towards the central membrane. As for the

other case, the results are similar.

From these plots, some conclusions can be drawn: 1) No obvious differences
were seen for all cuts on particle or anti-particle in real data; 2) Except for the
dcaVO cut, no obvious differences between real data and MC data were seen for
all cuts ; 3) No obvious effects were seen on the distributions for the east and west
TPC for this analysis; 4) There was about 8% difference in the dcaVO0 distribution

between the real data and MC data.

Cut comparisons between the real data and MC data were done for central
events by Lamont and the results were similar. The discrepancy in the dcaV0
distribution is due to the feed-down from =~ and =~ decay. This will be discussed
later in feed-down correction. This was not estimated as a source of efficiency

uncertainties.

Although it is very hard to estimate the differences between the cuts distri-
bution of the real data and of the MC data quantitively, it is safe to say they are
smaller than the 8% differences shown in the dcaV0 distribution. If we assume
the uncertainty is not correlated with p; bins, the overall uncertainty is estimated

at 3% for the extracted yield and the slope parameters when about 10 data points
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are used in the tranverse mass spectra. The assumptions for this estimate are
not very unrealistic because the difference has to show up in the distribution for

all the p; bins, if the MC always has higher or lower efficiency than the real data.

Another approach to estimate the uncertainty is to alter the cuts. Due to the
effects of feed-down, the best candidate cut to change is the requirement of the
number of hits on tracks. After changing the cut on the number of hits from 15
to 20, less than 3% change on each data points was seen and about a 1% change
was seen on the yield and slopes. Thus, we estimate the efficiency uncertainties

to be £3% for T and dN/dy, excluding the effects of feed-down.

7.2 Uncertainties in Raw Signal Extraction

For the study described in this section, the central events were used. The events
were divided into 2 bins according to the z positions of the primary vertex: bin
1 (-35 ¢cm < z < 0 cm), bin 2 (0 cm < z < 35 ¢cm ). For a given invariant
mass histogram, three methods were employed to extract the number of raw
signal. Method I is to fit the raw histogram with a Gaussian function plus a
2nd order polynomial function and then subtract the polynomial function from
the histogram. Method II is to directly subtract the bin counts in a pre-defined
background region from the counts in a pre-defined signal region in the mass
histogram. The signal region is always the peak region in the mass histogram
while the background region is chosen such that it is adjacent to and as wide as
the signal region on the mass axis in the histogram. This method works if the real
signal is not spread over many bins and the background variation is almost linear
in the region concerned. Method III is to subtract the combinatorial background
reconstructed in the event-rotation method from the histogram first and then

follow Method 1.
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Figure 7.1: Cuts comparsion (1). The solid lines are for real data and the dashed lines
are for Monte-Carlo data (MC data). EST stands for east half TPC. WST stands for

the west half TPC. LT means momentum of A points towards the central membrane.

The results for the 2 bins are listed in Table 7.1. The counts are normalized
to the number of events. J is the relative uncertainty divided by the mean of the

three methods.

We also compared bin 1 with bin 2 to look for possible uncertainties intro-
duced by an asymmetry in the detector system itself. These estimates are listed
in Table 7.2. Assuming these two uncertainty sources are uncorrelated, the com-
bined estimate is also listed in Table 7.2. The estimate was applied to all the

data points before making the spectra in the analysis. Therefore, they will be
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pt (GeV/c) Method I Method II Method III  §

0 cm < Zprimary < 35 cm

0.4—-0.6 0.014530  0.015260 0.012893  15%
0.6 —-0.8 0.035690  0.035271 0.034555 2%
0.8—-1.0 0.052536  0.053247 0.052471 1%
1.0-1.2 0.058428  0.059495 0.059702 1%
1.2-14 0.055001  0.055718 0.056553 2%
14-1.6 0.045897  0.045617 0.045936 0%
1.6 —-1.8 0.032640  0.032188 0.032102 1%
1.8-2.0 0.023901  0.023468 0.023351 1%
2.0-22 0.016436  0.015535 0.015917 2%
22-24 0.010760  0.009983 0.010219 4%

-35 em < Zprimary < 0 cm

0.4—-0.6 0.012827  0.013227 0.010867  19%
0.6 —-0.8 0.035172  0.035465 0.033813 4%
0.8 —-1.0 0.056628  0.058516 0.055720 3%
1.0-1.2 0.060553  0.059950 0.061424 1%
1.2-14 0.057593  0.056819 0.058785 2%
14-1.6 0.049394  0.048554 0.049598 1%
1.6 — 1.8 0.036579  0.036531 0.036121 1%
1.8 —-2.0 0.027338  0.027126 0.026942 1%
20-22 0.017446  0.015713 0.017325 6%
22-24 0.010842  0.010657 0.010897 1%

Table 7.1: The normalized signals extracted by different methods. Three different
methods are employed on the same invariant histograms to extract the raw yield of the
A in central events. The relative uncertainty is with respect to the raw yield obtained

by method III. The events are selected by Z vertex cuts listed in the table.
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e (GeV/e)  Spinipine  Oau

0.4-0.6 14% 22%
0.6 -—0.8 2% 4%
0.8 —-1.0 5% 5%
1.0-1.2 2% 2%
1.2-14 3% 4%
14-1.6 5% 5%
1.6 -1.8 ™% %
1.8 -2.0 % %
20-22 6% 9%

Table 7.2: The relative uncertainties in different z bins and overall uncertainties.
Obin1,bin2 is the relative uncertainty when different cuts on vertex Z are used in Table 7.1.
dqu is the uncertainty when dpin1 pin2 is combined with the § in Table 7.1, assuming they

are uncorrelated.
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Figure 7.2: Cuts comparsion (2). The solid lines are for real data and the dashed lines
are for Monte-Carlo data (MC data). EST stands for east half TPC. WST stands for

the west half TPC. LT means momentum of A points towards the central membrane.

folded with the statistical errors and included in the fitting procedure.

7.3 Sector-by-Sector Variations and other Asymmetries

The TPC has 24 independent sectors and most of them worked well during the
summer 2000 run. However, it is very hard to make them identical in detection
efficiency, especially in the A reconstruction, which is very sensitive to field dis-

tortions and other hardware glitches. Figure 7.13 shows the number of As vs. the
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Figure 7.3: Cuts comparsion (3). The solid lines are for real data and the dashed lines
are for Monte-Carlo data (MC data). EST stands for east half TPC. WST stands for

the west half TPC. LT means momentum of A points towards the central membrane.

sector for real Data and MC data. The dips at sector 1, sector 5, and sector 18
in read data are all related to the imperfections in hardware. These hardware

problems also showed up in the residual studies.

In our analysis, we sum over all the sectors, so the real reconstruction efficiency
is lower than the one when all the sectors are perfect. It is important to determine
to what degree the embedding can simulate these results. Figure 7.14 shows the
number of reconstructed A for MC data and real data in 1.0 < p; < 1.2 GeV/c.

The mean value of the MC data is then normalized to match the mean of the
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Figure 7.4: Cuts comparsion (4). The solid lines are for real data and the dashed lines
are for Monte-Carlo data (MC data). EST stands for east half TPC. WST stands for

the west half TPC. LT means momentum of A points towards the central membrane.

real data. It seems the MC more or less reflects the asymmetry in the efficiency

in real data.

To quantitatively study the effects on the dN/dy, we took the average of the
sectors with three highest efficiencies as the references and calculated its relative
value to the mean of all the sectors for each p; bin. Figure 7.15 shows the ratio
of the reference efficiency F f firq.r and the mean efficiency F f f,,0an for both the
real data and MC data. After compensation by the MC embedded data, the

overall uncertainty is estimated at 3%. A more conservative estimate is 5%,
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which includes the errors of the ratios themselves.

To study the effects on the slope parameters, we grouped the sectors into
two, with one group of sectors having higher than average efficiency and the
other group having lower efficiency. The estimated uncertainty is at 4% for the
T. Tt is also estimated that the number of As reconstructed in the east TPC and
west TPC is different by about 2%. We include this in our systematic uncertainty.
For the top 5% of the minimum-bias events, the dN/dy and T' were compared for

the rapidity interval 0 < y < 0.6 and —0.6 < y < 0. The uncertainties are
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Figure 7.6: Cuts comparsion (6). The solid lines are for real data and the dashed lines
are for Monte-Carlo data (MC data). EST stands for east half TPC. WST stands for

the west half TPC. LT means momentum of A points towards the central membrane.

3% for dNdy and 7% for T.

In conclusion, we estimate the part of uncertainty due to the asymmetry of

the detector at 8% for T" and 6% for the dN/dy.

7.4 Other Uncertainties

There are other uncertainties. The difference between a Boltzmann fit and expo-

nential fit to the m; spectra is about 3% for dN/dy. Including all the uncertainties
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we have studied and assuming they are all uncorrelated, the uncertainty estimate

is 9% for T and 10% for dN/dy for the inclusive measurements of A and A.

7.5 Feed-Down Contributions

The feed-down to the A originates from Z decays via == — 7~ + A and 2 —

7% + A. We have investigated the feed-down from = hyperons by studying the

distribution of the Distance of the Closest Approach to the primary vertex for
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the reconstructed A(dcaV0). The dcaVO0 of the As from = decay tend to have a
wider distribution than that of the As from the primary vertex (Figure 7.16) due
to the boost from the = decay. The = decay branching ratio is close to 100%.

For the sake of convenience, we use = to indicate the A from the = decay.

Varing only the cut on dcaV0 will change the reconstruction efficiency for
both A and = by different degrees. Since the =° has longer lifetime than that
of =7, we will use the average reconstruction efficiency for the =s, assuming the

equal numbers of =— and Z°. We have used 4 different dcaVO0 cuts to study this
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problem to overcome the large uncertainty. These cuts are: dcaVO0 < 0.5 cm,
dcaV0 < 0.7 cm, dcaV0 < 1.0 cm and 0.3 < dcaVO0 < 1.0 cm. If we use index 7 to

stand for the 4 cut sets and j to stand for pt bins, nf{j means the reconstruction

efficiency for A and 7%’ means that for Z. With these definitions, the corrected

number of As is N
L LI AT Gy=V
N = A TS (7.1)
J
A

Subtracting the results from any two different cut sets i, and 7,, we have

equation
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ia:j ib’j

g nind (e 2

Atl = AT = {7 — e (7.2)
Na U

To get rid of the uncertainty of K contamination, we excluded candidates which

are also possible K candidates in both the efficiency calculation and real signal

extraction. Some of the corrected A’ and ratio of the efficiency n= and 7, are

shown in Table 7.3. Estimated from different combinations of the cut s, the

means of the data points are listed in Table 7.5. A boltzmann fit was performed

on the m, spectra of the estimated As from the feed-down (Figure 7.17). This
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gives a dN/dy = 9.03 & 0.8 for Z°, =~ and Q™ production.

For the cuts with dcaVO < 0.5 cm, the inclusive A yield is dndy=17.5 .
Taken into account of the reconstruction efficiency ( 0.52) for the feed-down, the

percentage of the feed-down effect is 27% =+ 2%(stat) 5% (sys).

In the feed-down analysis, we ignored the feed-down from €2. The (2s have
similar ¢7 as Z s, their effects are additively folded into the results. If we assume
(E+E2Y9/(A+3%%) = Q /(2 + 2% = £k, the constant £ will be about 0.36.

It also means the dndy for =7i s about 3.44. A preliminary results from the =
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analysis is dN/dy = 3.27.

7.6 Double-Counting Signals

It happens sometimes that one track will be used twice in the reconstructed As

due to track-splitting. These should not be both counted in the same events. A

study was carried out to see to what degree the MC embedding simulated the real

situation. This effect is obviously dependent on the multiplicity of the events,
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Cuts dcaVo0 (cm) p; (GeV/e) A n=/m
0.6 -08 2233 0.53
0.8—1.0 2213 0.54
1.0-1.2 1982 0.49
< 0.5 1.2—-14 1708 0.50
14—-16 1254 0.54

1.6-1.8 0906 0.55
1.8—-2.0 0.606 0.56
20-22 0.388 0.60

0.6 -0.8 2398 0.62
0.8—1.0 2380 0.68
1.0-1.2 2128 0.63
< 0.7 1.2—-14 1836 0.65
14—-16 1351 0.69
16 -18 0954 0.74
1.8—-2.0 0.669 0.73
20—-2.2 0406 0.73

Table 7.3: Corrected number of A and ratio of Efficiencies of the primary A and
feed-down A for 4 dcaVO0 cuts. 7z is the average reconstruction efficiency for the As
from Z decay. np is the reconstruction efficiency for the primary As. Results show the
relative efficiency changes as function of p; and dcaVO0 cuts. Errors are not shown; they

are between 4% to 10%.
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Cuts dcaVO0 (cm) p; (GeV/e) A n=/ma

0.6 -0.8 2.630 0.78
0.8—-1.0 2529 0.85
1.0-1.2 2305 0.83
<1.0 1.2-14 1942 0.8
14—-16 1.440 0.91
1.6-18 0992 0.91
1.8—2.0 0.703 0.96
20—-2.2 0426 0.98

0.6 -0.8 2912 0.97
0.8—-1.0 2967 1.15
1.0-1.2 28356 1.36
<1.0 1.2—-14 2679 1.5
> 0.3 14—-1.6 1958 1.48
1.6 -1.8 1.242 1.88
1.8—-2.0 1.013 1.85
20—-2.2 0584 1.87

Table 7.4: Corrected number of A and ratio of Efficiencies of the primary A and
feed-down A for 4 dcaVO cuts. 7= is the average reconstruction efficiency for the As
from = decay. 7, is the reconstruction efficiency for the primary As. Results show the
relative efficiency changes as function of p; and dcaV0 cuts. Errors are not shown; they

are between 7% to 18%.

134



P(GeV/e) Nz ,=
0.4—-0.6 20x£0.5

0.6 —0.6 1.08 £0.28
0.8—-0.6 0.68 £+ 0.123
1.0-1.2 0.94 £0.23
1.2-14 0.66 =+ 0.16
1.4—-1.6 0.46 +0.14
1.6 — 1.8 0.3+ 0.06

1.8 -2.0 0.36 £0.05
2.0-22 0.15+0.1

22-24 0.09 £ 0.02

Table 7.5: The Corrected Number of A from Feed-down. The mean value of the

corrected number of A from Feed-down is listed .

The p; dependence is assumed to be small. Table 7.6 shows the comparison of the
percentage of the double-counted signals between real data amd MC embedded
data. The differences bewteen the real data and MC data are 6%, 4%, 2%,
1% and 0% for the 5 centrality bins. We include these numbers as one of the

uncertainties for dN/dy.
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Centrality 0—5% 5—10% 10-—20% 20-35% 35— 75%
Real Data  8.8% 8.8% 8.0% 5.5% 3%
MC Data 15% 13% 10% 7% 3%

Table 7.6: Percentage of double counted signals for 5 centrality bins. Results show the

largest deviation between the real data and MC data occurs in the highest centrality
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Figure 7.13: The number of reconstructed A vs. Sector. The distribution of the num-
ber of A is shown as a function of sector. The real data are binned for p; > 1.0 GeV/c
and p; < 1.0 GeV/c. The MC distribution shown in the middle of the plot includes all
the p;. The uneven distribution is caused by some hardware imperfection which lowers

the tracking efficiency in the related sectors.
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Figure 7.14: The number of reconstructed A vs. Sector (1.0 < p; < 1.2

GeV/c). The distribution of the number of A is shown as a function of sector for
1.0 < p+ < 1.2 GeV/c. The lines are for the MC data. The thicker line is the MC
data which is normalized to have the same mean as real data. Errors are statistical

only.
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CHAPTER 8

Discussion

8.1 Lambda/Anti-Lambda Production

Ultra-relativistic nucleus-nucleus collisions provide a unique means to create
nuclear matter of high energy density (temperature) and/or baryon density over
an extended volume [Bla99]. The first results from the Relativistic Heavy Ion
Collider (RHIC) have shown that the large charged particle multiplicity, measured
in Au+Au collisions at /s, = 130 GeV, corresponds to an energy density
significantly higher than that previously achieved in heavy ion collisions [Bac00,
Adc01, AdIO1b]. In addition, the anti-proton to proton ratio at mid-rapidity
has been measured to be in the range 0.6-0.7 [Adl01c, Bac01, Bea01], which is
indicative of particle production from a low net baryon density regime. Thus the
global characteristics of nucleus-nucleus collisions at RHIC are the formation of

a high energy and low finite net baryon density region at mid-rapidity.

The yield of baryons and anti-baryons is sensitive to two important dynamical
aspects of nuclear collisions: the processes of baryon and anti-baryon pair produc-
tion, and baryon number transport. The mechanism for baryon pair production
from a thermalized Quark Gluon Plasma (QGP) has not been established. String
fragmentation into di-quark pairs from quarks and gluons at a temperature of a
few hundred MeV is believed not to be effective because the energy threshold

is much higher than the temperature. Alternative exotic mechanisms such as
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baryon formation from QCD domain walls have been proposed [ElI89]. The dy-
namics of baryon number transport [BL88, Hua, Kha96], whereby the baryon
number from the initial colliding nuclei are transported over a large rapidity gap
into the mid-rapidity region, are important for establishing initial net baryon

densities in nucleus-nucleus collisions.

The production of strange baryons is a particularly interesting probe of early
stages of nuclear collisions. Large strangeness production has long been pre-
dicted to be a signature of QGP formation [RM86]. The strangeness produc-
tion in previous generations of heavy ion experiments has been observed to be
significantly increased compared to those from p+p, p+A and light ion colli-
sions [Abb90, Ahm96, Ant99, App98al, although questions remain about the
exact strangeness production mechanism. In particular, the relative importance
of strange baryon production from hadronic rescatterings differs between cal-
culations [Koc86, Bel00], depending on both the evolution of the system and
the scattering cross sections assumed. Exotic dynamical mechanisms that have
been proposed for strange baryon production include, for example, Color String
Ropes [Sor95], String Fusion [Ame93] and Multi-mesonic Reactions [RS01]. All
require a high local energy density and therefore suggest that strangeness pro-

duction occurs early in the collision.

From the A (A) measurements at RHIC using the STAR detector, we have
found the slope parameters from the Boltzmann fit to the A (A) transverse mass
spectra change from 254 MeV to 312 MeV from the most peripheral to the most
central collisions, respectively. A similar increase in transverse motion was found
in the p transverse mass distributions [Adl01d]. For fixed freeze-out tempera-

ture [EH93], this increase of slope parameters implies an increase of the collective

velocity [Bea97, App98b]. One of the important characteristics of hydrodynamic
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flow is the mass dependence of particles’ mean transverse momenta. The trans-
verse momentum distributions of negatively charged hadrons, p and A are shown

in Figure 8.1.

The p and A pr distributions are similar in the pr region below 1 GeV/c,
and the fit parameters for Boltzmann my or Gaussian pr functions are consistent
even though the data sets cover different ranges in py. Both distributions are
much less steep than that of the h™ which is dominated by pions. A qualitatively
similar mass dependence was observed in SPS collisions [Bea97, App98b, Hec98|.
The larger slope parameters at RHIC were attributed to an increased expansion

velocity as a function of center-of-mass energy [KX01].
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Figure 8.1: The mid-rapidity A (|y|<0.5) transverse momentum distribution from the
top 5% most central collisions. For comparison the distributions for negative hadrons
(d2N/(2npr)dprdn, |n|<0.1) and anti-protons (|y|<0.1) for the similar centrality bin

are included. Statistical errors of the data points are smaller than the marker size.

Figure 8.1 shows that at higher pr (pr>1 GeV/c) the ratio of A to nega-
tive hadrons increases. This effect is in agreement with p/7~ measurements in
PHENIX [Adc02]. This agreement is more pronounced in Figure 8.2 where the
p spectra from PHENIX is shown together with A spectra from STAR. This is
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the first time that at moderate py of approximately 2 GeV /c more baryons than
mesons have been produced in heavy ion collisions. However, data from eTe™ col-
lisions and calculations of string fragmentation indicate that the baryon to meson
ratio never exceeds 0.2 [Hof88, And85, VG, Wan97]. As mentioned above, a natu-
ral explanation for this large ratio would be a collective radial flow [EH93, Hec98|.
In the flow picture, heavier particles like baryons tend to have larger momenta
than mesons. On the other hand, it has also been suggested that the energy
loss of high pr partons could modify the baryon to meson ratio through intrinsic
pr broadening caused by gluon saturation expected in high density QCD [VG].
Baryons produced via a baryon junction mechanism combined with jet-quenching
in the pion production could also explain this effect [VGO1]. To determine the
exact dynamics that cause the relative enhancement of baryons to mesons at high
pr, more experimental measurements over a larger pr-range are needed. From
Figure 8.2, the strange baryon to non-strange baryon ratio increases as function

of pr. This ratio is probably close to 1 at pr of 2 GeV/c as well. Because the
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mass difference between A and p is small and P tend to be more effected by flow
than A due to its larger cross section to interact with pions, simple radial flow
from hadronic phase due to re-scaterrings among hadrons seems to be inadequate

to explain this feature in data.

201 1
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Figure 8.3: A and A rapidity density as a function of negative hadron multiplicity
at mid-rapidity. The open symbols in the figure are data points from an independent

analysis using event-mixing techniques. Errors shown are statistical only.

Figure 8.3 shows the dN/dy of A and A from the Boltzmann fit as a function
of the h™ pseudo-rapidity density [AdlO1b]. The open symbols in the figure are
data points from an independent analysis using event-mixing techniques. At mid-
rapidity the hyperon production is approximately proportional to the primary
h™ multiplicity in Au+Au collisions at RHIC. The dashed lines in the figure
correspond to A = (0.054 £ 0.001)h~ and A = (0.040 + 0.001)h™ from a linear
fit to the data. Similar centrality dependence of the lambda production was
observed at the SPS energies. The A to h™ ratio at RHIC is much larger than
that at the SPS while the A to h™ ratio is smaller at RHIC [Ant00]. Most of
the A hyperons at the SPS carry the baryon numbers from the colliding nuclei,

and baryon fragmentations contribute significantly to the observed large A to
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h™ ratio. However, at the RHIC energy the pair production processes play a
relatively much more important role in the hyperon yields. From Figure 8.3
we also found the average ratio of A to A is 0.74 & 0.04 with no significant
variation over the measured range of centrality. These excess A hyperons at mid-
rapidity must carry the baryon numbers (not necessarily the valence quarks) from
the colliding nuclei. The dynamics of the baryon number transport are yet to
be established. Our measurement is consistent with the conclusion drawn from
the anti-proton to proton ratio, that a low net-baryon density regime has been
reached in nucleus-nucleus collisions at RHIC [AdlOlc, Bac01]. Although the
dynamics of baryon number transport are very different from that of the baryon
pair production, the shapes of the my spectra for A and A are the same within
statistical uncertainties. Copious rescatterings during the evolution of the system

for A and A can lead to similar p; spectra [PS01, Bel00].

8.2 Lambda Enhancement from pp to AA Collisions

Wl
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Figure 8.4: Contribution for the Wroblewski factor from strange baryon (dotted line),
strange mesons (dashed line) and mesons with hidden strangeness (dash-dotted line).

The sum of all contributions is given by the full line.

The ratio of strange to non-strange particle production such as K*/x" in

146



relativistic heavy ion collisions reaches a maximum at beam energies around 30
AGeV in the lab frame. In the hadronic statistic model, the appearance of the
maximum seems to follow the trend of the Wroblewski factor A\; (= 2 < s5 >
/(< ui > + < dd >)) as a function of beam energy (Figure 8.4). As the energy
increases, the decrease of the baryon chemical potential coupled with only modest
increases in the associated temperature causes a decline in the relative number

of strange baryons above energies of about 30 AGeV [PRO1].

In Figure 8.5, the ratio of A/7* also has a maximum at AGS energy and the
trend is similar for pp and AA collisions. After normalization by a factor of 4.65
for AA collisions, the ratio data points appear to be fit by a common curve as
demonstrated by the dashed line in Figure 8.6. There is an obvious enhancement
in the ratio from pp collisions to AA collisions, but a possible common enhance-
ment factor over a very large energy range is very interesting, given the fact that
the fraction of associated production versus pair production for hyperons is very
different at different energies. At low energy, most of hyperons are produced via
associated processes. At high energes, such as RHIC, the hyperons are dominated
by the ones from pair production. Detailed measurements for this ratio for both
pp and AA collision systems will be needed to address the origin of this simple

scaling factor between A+A and p+p collisions.

8.3 Simple Thermal Model and Baryon Yield

In classical physics, studing the photons emitted from a hot source can give
us information on some of the global features of the radiation source such as
temperatures and pressures. Similar approaches have been adapted to study

heavy ion collisions except that not only photons but also and more often other
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Figure 8.5: The A/7t ratio vs /s.

particles such as pions, kaons, protons, strange particles and etc., are studied.
Thermal models which treat the heavy ion system as a thermal source have been
very successful in describing some observations in pA and AA collisons at the AGS
and the SPS energy. In a simple thermal model, particle yield can be described

as

g9i (TN’ [mi\? m;
NZ-=co7’1,3ta77,t27r2 (%> (%) K, (?>, (8.1)

where g; is the degree of degeneracy of particle 7, m; is the mass and T is the

system temperature and K> is the modified Bessel function.
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Figure 8.6: The A/n™ ratio vs y/s. The ratio from AA collisions are normalized by a
factor of 4.65

Figure 8.7 shows the theoretically calculated baryon ratios as a function of the
system temperature. We have already measured the inclusive yield of p and A at
130 GeV. In each case, the feed-down estimate was done as well. The estimations

can be given as

Dine = D064 (A+T0+5" +204+07) +0525, (8.2)
Aie = A+304052(E +5°+Q7), (8.3)
Kinc - Kfeedfdown = A + _Oa (84)

with Pine = 20.5 + 0.5 , Kz'nc = 12.0 + 1.3 and K'mc—Kfeedfdown =
9.7 £ 1.0.

If we let p and T be the free variables, the relations between them are shown
in Figure 8.8. Each band structure corresponds to the p yield from each equation
shown before. The three thin lines at the bottom of the plot are predicted yields
for As, ='s and Q's. From Figure 8.8, the three bands start to overlap in the
region with 7" > 250 MeV. Due to the large systematic error, it is very hard to

determine whether the thermal model does or does not describe the data at 130
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Figure 8.7: The particle ratios from a simple thermal model as a function of T.

GeV. Further precise measurements of = and 2 will provide better constraints

on theoretical modeling.

8.4 Conclusions

In conclusion, we have presented the first inclusive mid-rapidity (|y|<0.5) A
and A spectra as a function of centrality from Au+Au collisions at the energy

5.~ = 130 GeV. There is no significant difference in the shapes of the transverse

NN
mass spectra between A and A. The Ty parameter from the Boltzmann fit to

the my spectra increases from 260 MeV for the peripheral collisions to 318 MeV
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for central collisions suggesting a greater collective expansion in central collisions.
The A to A ratio is 0.744-0.04 with no significant variation over the selected range
of centrality, which is consistent with a low net baryon density at mid-rapidity
for all measured centralities. The rapidity density of A and A is approximately
proportional to the number of negative hadrons at mid-rapidity. Compared to
the negatively charged hadron distribution, the pr distributions of A and A are
found to be much flatter over the whole pr region. For pr>1 GeV/c there seem
to be strong enhancement of the baryon yield over the meson yield in comparison

with calculations from string fragmentation models.
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APPENDIX A

Relativistic Kinematics

In this appendix, aspects of relativistic kinematics relevant to heavy ion
physics and resonance analysis are reviewed. The purpose of this appendix is
to provide an introduction for the reader who is new to heavy ion physics, and
to set forth the notations and conventions used in this thesis. The following
derivations use the convention in which # = ¢ = 1. The following conversions are

useful: fic = 197.3 MeV-fm and (fic)? = 0.3894 (GeV)2-mb.

A.1 Lorentz Transformations

The energy F and 3-momentum p of a particle of mass m form the 4-vector
p = (E,p), whose square p?> = E? — |p|> = m?. The velocity of the particle is
B = p/E. The energy and momentum (E*, p*) viewed from a frame moving with
a velocity [3; are given by
E* Ve By E )

= , D} =Dy (A1)
Py _’Vfﬁf Yr Y4l

where vy = 1/,/1 — 37 and p;(p)) are the components of p perpendicular (paral-

lel) to B;. Other 4-vectors, such as the space-time coordinates of events transform
in the same manner. The scalar product of two 4-momenta p;-py = E1FEy—p1-p2

is invariant (frame independent).
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A.2 Kinematic Variables

We consider collision systems with two bodies (particles or nuclei) in the initial
state and define the z-axis to coincide with the axis of collision. For the purposes
of presenting single-particle differential multiplicities, it is convenient to describe
particle trajectories using kinematic variables which are either Lorentz invariant

or transform trivially under Lorentz boosts along this axis.

The momentum components p, and p, are unchanged by a boost along z so

we define and use the transverse momentum of a particle,

Pt =\/p; + D} (A.2)

as one such variable. The transverse mass (or transverse energy) of a particle

my = \/p? + m? (A3)

such that the transverse kinetic energy of the particle is m; — m.

with mass m is defined as

The longitudinal variable most commonly used is rapidity,

1 E+p,
=21 A4
=3 n<E_pz> (A.4)

which has the advantage of being additive under Lorentz transformations along z.
This means that under Lorentz transformations along z, differences in rapidity,
dy, are invariant and rapidity spectra, dN/dy, translate in y while their shapes

are preserved. The expression for rapidity may also be written as

y=In (E+pz>. (A.5)

my

From the above definitions, the relations

p, = my sinh y (A.6)

E =my cosh y (A.7)
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are obtained. Dividing these, we have
B, = tanh y (A.8)

which is the longitudinal component of the velocity of a particle of rapidity y in
the lab. Since rapidity is additive under Lorentz transformations, this suggests a
form for the rapidity transformation corresponding to a boost along the z-axis.
If a particle has a rapidity vy in the lab and we want to know its rapidity v in a

system which has velocity (3, relative to the lab, then:
y =y— tanh ' g, (A.9)

A related quantity is the pseudo-rapidity, . To obtain the expression for 7,

we first rewrite Equation A.4 as

1 1+ B cosb
Yy = 2111 (1—ﬂcos€) (A.10)

and taking the limit of Equation A.10 as § — 1:

—) 1

For particles with 8 ~ 1, n ~ y, while for massless particles, n = y. Note that a

particle’s n only depends on its angle of emission relative to the beam axis.
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APPENDIX C

Data Tables
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p: (GeV) | dN/event | error
0.3 1.230 0.376
0.5 2.195 0.156
0.7 2.088 0.081
0.9 2.113 0.066
1.1 2.031 0.061
1.3 1.560 0.048
1.5 1.168 0.039
1.7 0.856 0.033
1.9 0.558 0.025
2.1 0.329 0.018
2.3 0.226 0.015
2.5 0.146 0.012
2.7 0.083 0.009
2.9 0.046 0.006
3.1 0.025 0.004
3.3 0.024 0.007

Table C.1: A Yield vs p; for the centrality bin 0-5%
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p: (GeV) dN/event error

0.3 1.339 0.645
0.5 1.808 0.156
0.7 1.588 0.073
0.9 1.682 0.064
1.1 1.485 0.053
1.3 1.213 0.044
1.5 0.947 0.038
1.7 0.668 0.031
1.9 0.445 0.024
2.1 0.269 0.017
2.3 0.187 0.015
2.5 0.124 0.013
2.7 0.068 0.009
2.9 0.038 0.006
3.1 0.023 0.005
3.3 0.013 0.004

Table C.2: A Yield vs p; for the centrality bin 5-10%
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p: (GeV) dN/event error

0.3 1.060 0.293
0.5 1.317 0.092
0.7 1.373 0.055
0.9 1.355 0.043
1.1 1.167 0.035
1.3 0.880 0.027
1.5 0.726 0.025
1.7 0.496 0.019
1.9 0.358 0.016
2.1 0.231 0.013
2.3 0.143 0.010
2.5 0.082 0.007
2.7 0.046 0.005
2.9 0.024 0.004
3.1 0.016 0.003
3.3 0.011 0.003

Table C.3: A Yield vs p; for the centrality bin 10-20%
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p: (GeV) dN/event error

0.3 0.484 0.191
0.5 0.877 0.074
0.7 0.797 0.040
0.9 0.779 0.031
1.1 0.665 0.025
1.3 0.550 0.021
1.5 0.400 0.017
1.7 0.284 0.014
1.9 0.178 0.010
2.1 0.108 0.008
2.3 0.074 0.006
2.5 0.039 0.005
2.7 0.019 0.004
2.9 0.009 0.002
3.1 0.005 0.002
3.3 0.000 0.000

Table C.4: A Yield vs p; for the centrality bin 20-35%
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p: (GeV) dN/event error

0.3 0.321 0.155
0.5 0.287 0.025
0.7 0.261 0.013
0.9 0.223 0.009
1.1 0.174 0.007
1.3 0.132 0.006
1.5 0.092 0.004
1.7 0.057 0.003
1.9 0.034 0.002
2.1 0.023 0.002
2.3 0.012 0.001
2.5 0.007 0.001
2.7 0.002 0.001
2.9 0.000 0.001
3.1 0.000 0.000
3.3 0.000 0.000

Table C.5: A Yield vs p; for the centrality bin 35-75%
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pt (GeV) dN/event error

0.3 1.154 0.333
0.5 1.292 0.100
0.7 1.479 0.064
0.9 1.479 0.051
1.1 1.421 0.047
1.3 1.146 0.039
1.5 0.863 0.031
1.7 0.623 0.027
1.9 0.439 0.022
2.1 0.269 0.016
2.3 0.182 0.013
2.5 0.113 0.011
2.7 0.079 0.009
2.9 0.041 0.006
3.1 0.022 0.004
3.3 0.008 0.002

Table C.6: A Yield vs p; for the centrality bin 0-5%
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pt (GeV) dN/event error

0.3 0.961 0.264
0.5 0.984 0.090
0.7 1.141 0.057
0.9 1.201 0.049
1.1 1.113 0.043
1.3 1.001 0.040
1.5 0.664 0.028
1.7 0.519 0.026
1.9 0.327 0.019
2.1 0.211 0.015
2.3 0.140 0.012
2.5 0.106 0.012
2.7 0.045 0.006
2.9 0.026 0.004
3.1 0.009 0.003
3.3 0.009 0.003

Table C.7: A Yield vs p; for the centrality bin 5-10%
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pt (GeV) dN/event error

0.3 0.928 0.332
0.5 0.923 0.075
0.7 1.051 0.048
0.9 0.988 0.036
1.1 0.818 0.028
1.3 0.734 0.025
1.5 0.512 0.019
1.7 0.382 0.016
1.9 0.252 0.013
2.1 0.168 0.010
2.3 0.112 0.008
2.5 0.060 0.006
2.7 0.034 0.004
2.9 0.026 0.004
3.1 0.015 0.003
3.3 0.002 0.001

Table C.8: A Yield vs p; for the centrality bin 10-20%
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pt (GeV) dN/event error

0.3 0.929 0.304
0.5 0.767 0.075
0.7 0.639 0.036
0.9 0.599 0.028
1.1 0.521 0.022
1.3 0.417 0.018
1.5 0.269 0.014
1.7 0.206 0.011
1.9 0.136 0.009
2.1 0.081 0.007
2.3 0.050 0.005
2.5 0.023 0.004
2.7 0.014 0.003
2.9 0.004 0.002
3.1 0.001 0.002
3.3 0.000 0.000

Table C.9: A Yield vs p; for the centrality bin 20-35%
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pt (GeV) dN/event error

0.3 0.272 0.080
0.5 0.196 0.020
0.7 0.204 0.012
0.9 0.173 0.008
1.1 0.139 0.006
1.3 0.108 0.005
1.5 0.074 0.004
1.7 0.044 0.003
1.9 0.028 0.002
2.1 0.016 0.002
2.3 0.013 0.002
2.5 0.005 0.001
2.7 0.009 0.001
2.9 0.003 0.001
3.1 0.001 0.001
3.3 0.000 0.000

Table C.10: A Yield vs p; for the centrality bin 35-75%
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